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AFM: atomic force microscopy
Au NPs: gold nanoparticles
BBA: bis-biotin anchor












HOPG: highly ordered pyrolytic graphite
MOPF: metalorganic protein framework
NMM: N-methylmorpholine








SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis
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SEM: scanning electron microscopy
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TEM: transmission electron microscopy
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WRWDOLQWHUQDOUHÁHFWLRQ
TLC: thin layer chomatography
TMVP: tobacco mosaic virus protein





high-order structures via non covalent bonds, is a physical principle allowing nanostructures to 
be created from the bottom-up, extending nano-order to macroscales. In that spirit, this thesis 
ZDVGHGLFDWHGWRSURJUDPWKHVHOIRUJDQL]DWLRQRIPDWXUHZLOGW\SHVWUHSWDYLGLQE\XVLQJOLQHDU
tetrabiotinylated and trifurcated hexabiotinylated connectors. 
 6HOIRUJDQL]DWLRQVWXGLHVLQEXONVROXWLRQGHPRQVWUDWHGWKDWVWUHSWDYLGLQFRPELQHGZLWK
a linear tetrabiotinylated connector spontaneously assembled into a one-dimensional strepta-
YLGLQEDVHGEORFNFRSRO\PHU,QWKHSUHVHQFHRIFDOFLXPLRQVWKHÀEULOVIRUPHGEXQGOHVWKDW
served as a template for the nucleation, the growth and the assembling of calcite microcrystals. 
7KLVKLHUDUFKLFDOVHOIDVVHPEO\SURFHVV\LHOGHGPLOOLPHWHUVL]HGRQHGLPHQVLRQDOPLQHUDOL]HG
SURWHLQPDWULFHV%RWKPLQHUDOL]HG DQGQDNHGRQHGLPHQVLRQDO VWUHSWDYLGLQEDVHGEORFNFR-
polymers were imaged by electron microscopy. 
 :LWK WKH DLPRIREWDLQLQJZHOOGHÀQHGDQGPRQRGLVSHUVHQDQRVWUXFWXUHV D VWHSE\
step assembly approach was investigated. Designed mixed bis-biotinylated monolayers on gold 
were used to anchor streptavidin, which was successively exposed to linear tetrabiotinylated or 
trifurcated hexabiotinylated connectors and streptavidin. The stepwise elongation process was 
followed in situE\VXUIDFHSODVPRQUHVRQDQFHDQGTXDUW]FU\VWDOPLFUREDODQFHZLWKGLVVLSD-
WLRQPRQLWRULQJ7KHVL]HFRQWUROOHGLPPRELOL]HGVWUHSWDYLGLQEDVHGÀEULOVZHUHVFUXWLQL]HGE\
atomic force microscopy in the hydrated state.
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I  General  Introduction
 Protein and nucleic acid biopolymers are well appreciated for their high-performance 
capabilities for molecular recognition, catalysis and information storage.1 In recent years, both 
have become important building blocks for assembling larger structures from the bottom up. 
Although different systems incorporating proteins and/or nucleic acids were reported to self-as-
semble into larger nanostructures,2-7 one of the key challenge is to organize them to a scale large 
enough for nanotechnological application. The following section highlight recent advances in 
the use of protein- and nucleic acid-related materials as smart building blocks in nanotechnol-
ogy.
1.1 Proteins and DNA in Bionanotechnology
 Seeman proposed the use of DNA as a scaffold for protein organization at the beginning 
of the 1980s.8 Since then, DNA has become one of the most promising materials for nanobio-
technology. One of the advantage of DNA over proteins resides in his predictable self-assembly 
GXH WR WKH KLJK ÀGHOLW\ DVVRFLDWLRQ DFFRUGLQJ WR VLPSOH EDVHSDLULQJ UXOHV9 DNA gives re-
VHDUFKHUVDSUHFLVHDVVHPEO\FRGHWRGHÀQHZKLFKVWUDQGVZLOOSDLUDQGUHVXOWVLQGRXEOHKHOLFHV
presenting a width of 2 nm and a 3.4 nm length for a 10-base helical pitch (B-form). In addition, 
DXWRPDWHGPHWKRGVHQDEOHWKHV\QWKHVLVDQGDPSOLÀFDWLRQRIYLUWXDOO\DQ\'1$VHTXHQFH7KH
DYDLODELOLW\RIKLJKO\ VSHFLÀF HQ]\PHV VXFK DV HQGRQXFOHDVHV DQGSRO\PHUDVHV SURYLGHV D
toolbox to process DNA material with atomic precision.10 
 
 7KHÀUVW'1$EDVHG'ODWWLFHZDVSUHVHQWHGE\6HHPDQDQGFRZRUNHUV\HDUVDJR11 
Double-crossover (DX) motifs presenting proper sticky ends self-assembled into 2D arrays 
extending to the micrometer scale (Fig. 1a). Fully addressable DNA tiles were later reported by 








star and smiley face DNA origami tiles self-assembled by folding a 7 kb ssDNA with more than 200 helper strands 
$)0LPDJHVQPðQP$GDSWHGIURPUHI>@
Figure 2 DNA-directed assembly of multicomponents nanoarrays. a) Programmable streptavidin 2D arrays formed 
on biotinylated DNA lattices and corresponding AFM image (1 +m ! 1 +PLQVHWQPðQPE2UJDQL-
]DWLRQRIQP$X13VRQ'1$';ODWWLFHVZLWK7(0LPDJHRIWKHQDQRFRPSRQHQWDUUD\F'6$YQDQRDUUD\
assembled from two rectangular origami subunits where SAv was selectively positionned in zigzag arrangement. 
$GDSWHGIURPUHI>@
a) b) c)
proach to create fully addressable molecular pegboards by introducing the DNA origami.13 
Upon addition of 226 short helper ssDNA, a viral circular ssDNA scaffold folded into different 
shapes presenting 226 addressable positions (Fig 1c). 
 In the past decade, numerous examples outlining the precise patterning of different en-
tities, such as gold nanoparticles (Au NPs), were reported.  A two-tile system, with one of 
the tiles being biotinylated, was used to create density-controlled streptavidin (SAv) arrays
4 
Figure 3 Dynamic DNA cycles allow the preparation 
of a) 3D prisms and b) nanotubes that can be used for 
QDQRVFDOHRUJDQL]DWLRQ$GDSWHGIURPUHI>@
(Fig. 2a).$X13VPRGLÀHGZLWKWKLRODWHGVLQJOHVWUDQGHG'1$ZHUHDVVHPEOHGRQD''1$
scaffold via hybridization to form an ordered Au NPs array.167(0LPDJHVUHYHDOHGSHULRGLF
rows of Au NPs separated by a distance of ~60 nm. Taking advantage of the origami structure, 
ÁXRURSKRUHVZHUHSRVLWLRQHGWRJHQHUDWHDQDQRVFRSLFUXOHUIRUVXSHUUHVROXWLRQPLFURVFRS\17 
A rectangular origami scaffold was also involved in the creation of nanowells selectively modi-
ÀHGZLWKELRWLQWRJHQHUDWHD]LJ]DJDUUDQJHPHQWRI6$Y)LJF18
 All structures discussed so far have been exclusively assembled from oligonucleotides
of various lengths. However, by synthesizing 
DUWLÀFLDO MXQFWLRQV 6OHLPDQ DQG FRZRUNHUV
introduced an alternative method to construct 
'1$QDQRVWUXFWXUHV&RPELQLQJYDULRXV´YHU-
WH[RUJDQLFPROHFXOHVµZLWKVV'1$WKH\FUH-
ated a library of DNA polygons (triangles, 
VTXDUH SHQWDJRQ DQG KH[DJRQ ZKLFK ZHUH
UHDGLO\DVVHPEOHGLQWRYDULRXV'QDQRREMHFWV
(Fig. 3a).19 This was done by connecting the 
DNA polygons top and bottom, using link-
LQJ VWUDQGV LQ TXDQWLWDWLYH \LHOGV %\ DVVHP-
bling these polygons longitudinally, they cre-
ated some DNA nanotubes20 which were able 
to encapsulate and selectively release Au NPs
(Fig. 3b). These materials are promising for 
drug delivery and nanowire growth.
 
 Taking a step towards soft attachment 
PHWKRGRORJ\%|UMHVVRQet al. tethered a DNA 
hexagon to a lipid membrane using three por-
SK\ULQVPRGLÀFDWLRQV)LJ22 The weak an-
a)
b)
Figure 4 Scheme of a DNA network anchored to a li-
pid membrane using three porphyrins. Adapted from 
UHI>@
6FKRULQJDOORZV'1$FRPSRQHQWVWRPLJUDWHDQGDGMXVWWRWKHLUHQYLURQPHQWZLWKRXWOHDYLQJ
the membrane surface. This dynamic yet surface bounded assembly could open the way to self-
repairing material.
 Although proteins do not have the versatile base-pair rule to program DNA assemblies, 
WKH\SUHVHQWVXSHULRUVSHFLÀFLW\IRUWDUJHWELQGLQJZLWKFRPSOH[PROHFXODUUHFRJQLWLRQPHFKD-
nism.238VLQJUHFRJQLWLRQIXQFWLRQVDVVHPEO\LQWRVSHFLÀFVKDSHVH[WHQGLQJWRWKHPLFURPHWHU
scale is achievable as observed in the crystalline cell surface layers (S-layers). S-layers consist 













ed. Schulz and coworkers produced protein nanostructures based on the ligand-directed assem-
bly of a biotin tagged tetrameric aldolase and SAv.26 Biotin and bis-biotin mediated connections 
between the subunits directed their assembly into two-dimensional network sizes extending 
WRE\QPDQGYDULHGFUXFLIRUPGLVFUHWHQDQRDVVHPEOLHV$OWKRXJKWKHQHWZRUNVZHUH
improved by anchoring the system on a planar monolayer, irregularities in the lattice structure 
persisted. We showed that metalorganic protein frameworks (MOPFs) were assembled into 
one-dimensional protein bundles, which mimics collagen assembly in biomineralization pro-
cesses, by using the strong interaction between SAv and bis-biotinylated organometallic linear
6 7
M13 virus Co3O4 nanowire
anode electrolyte cathode
a) b)
Figure 6 Viruses in nanotechnological application. a) Model of TMVP labeled with chromophores for energy 
transfer in light harvesting systems. b) Schematic diagram of the virus-enabled synthesis and assembly of nanow-
LUHVDVQHJDWLYHHOHFWURGHPDWHULDOVIRU/LLRQEDWWHULHV$GDSWHGIURPUHI>@
Virus Biotemplating Li ion Battery
connectors.275HFHQWO\WKH6$YELRWLQLQWHUDFWLRQZDVDOVRH[SORLWHGWRREWDLQODUJHVFDOH'
peptide scaffolds where SAv-functionalized Au NPs were incorporated in the cage-like unit 
cells made from biotinylated peptides.28
 Traditionally considered as infectious agents, viruses offer many exciting opportunities 
for creating new materials with advanced properties. They present a highly symmetrical and 
monodisperse structure, and can assemble on multiple length scales. Different studies have 
highlighted the utility of viral capsids to template the mineralization of different inorganic 
material,29 and for encapsulation.30 Viruses were more recently exploited as targeted imaging 
agents 31 and energy-converting materials.32 For example, tobacco mosaic virus proteins (TMVP) 
bearing chromophores were reported to self-assemble into a synthetic light harvesting system 
(Fig. 6a).33 Belcher and coworkers successfully fabricated virus-templated Co3O4 nanowires 
as anode materials for lithium ion batteries (Fig. 6b).34 They further exploited the toolkits of 
genetic engineering, multilayer assembly methods, and soft lithography to stamp microbattery 




 With the aim of developing biosensors for bioanalytical and biomedical applications, 
GLIIHUHQW VWDWHJLHV WR LPPRELOL]H ELRPROHFXOHV RQPRGLÀHG VXUIDFHV KDYH EHHQ H[SORLWHG36 






oriented monolayers on gold, which are nowadays commonly referred to as self-assembled 
monolayers (SAMs).39 Whitesides pioneering work in using SAMs for biological applications 
was a driving force in the development of the current biosensors based on this technology.40, 
41(YHQWKRXJKPRQROD\HUVIRUPDWLRQKDYHEHHQVWXGLHGRQGLIIHUHQWW\SHRIPHWDOVWKHPRVW
widely applied class of SAMs derives from the adsorption of alkane thiol on gold. The latter is a 




 $V HIIHFWLYH SODWIRUPV WR VWXG\ELRPROHFXOHV 6$0V VKRXOG SUHYHQW QRQVSHFLÀF DG-
VRUSWLRQDQGVKRXOGSUHVHQW WKHSUREHVRI LQWHUHVW LQDZHOOGHÀQHGPDQQHUHQVXULQJDFFHV-
sibility to the biomolecules. The best protein-resistant surfaces presently known are the ones 
FRPSRVHGRIROLJRRUSRO\HWK\OHQHJO\FRO 2(*$ONDQHWKLROV WHUPLQDWHGZLWKDQ2(*n 
(n = 3, 4, 6) group form a dense, ordered monolayer with the same molecular conformation 
found for n-alkanethiols, i.e. all-trans chains tilted by 30° from the surface normal. The terminal 
2(*HQGJURXSDGRSWVHLWKHUDKHOLFDOFRQIRUPDWLRQDOLJQHGSHUSHQGLFXODUWRWKHVXUIDFHRUDQ
amorphous conformation.42%RWKWKHK\GUDWLRQDQGWKHFRQIRUPDWLRQDOÁH[LELOLW\RIWKHHWK\O-
ene glycol chains are responsible for their resistance to protein adsorption.43
  
 Considering the above discussion, one approach to immobilize biomolecules on a sur-
IDFH UHVLVWDQW WRZDUGVQRQVSHFLÀFDGVRUSWLRQFRQVLVWRIDVVHPEOLQJPL[HGPRQROD\HUVFRP-
posed of two different alkanethiols - one reactive towards the biomolecule of interest and  the 
RWKHULQHUWDV2(*n terminated thiols. The presence of biotinylated probes into a mixed mon-
olayer enables the strong noncovalent interaction with SAv to be exploited for oriented immobi-
8 9
lization of biotinylated biomolecules. For these reasons, mixed SAMs of alkanethiols bearing 
2(*4 and biotin terminal groups on gold were used during this thesis (chap. 2.4). An overview 
of the published work using this immobilization platform is given in the next section.
1.2.1 Biotinylated mixed Self-Assembled Monolayers
 5LQJVGRUIDQG.QROOZHUHWKHÀUVWWRVKRZWKDWWKHVSHFLÀFUHFRJQLWLRQEHWZHHQ6$Y
DQGELRWLQFRXOGEHREVHUYHGRQELRWLQ\ODWHG6$0VE\VXUIDFHSODVPRQUHVRQDQFH635VXJ-
gesting potential application as biosensors.44 Using mixed SAMs prepared by coadsorption 
PHWKRGIURPVROXWLRQVRIELRWLQ\ODWHGWKLRODQGPHUFDSWRXQGHFDQROUDWLRWKH\JHQHUDWHG
a multilayer system of biotinylated antibody Fab fragments/SAv/Biot-SH to detect a protein 
SUREHKXPDQFKRULRQLFJRQDGRWURSLQ+&*$OWKRXJKWKHELQGLQJZDVKLJKO\VSHFLÀFWKH
detection platform was not sensitive enough to be used as commercial pregnancy test. Stayton 
DQGFRZRUNHUVWRRNDGYDQWDJHRIWKH635VHQVLQJWHFKQLTXHWRVWXG\WKHELQGLQJDQGGLVVRFLD-
tion of wild-type and mutant SAv on biotinylated mixed SAMs.46 They proposed that at low 
(<10%) and high (>60%) biotin surface coverage, SAv was bounded via a single biotin binding 
VLWH7KH\UHSRUWHGRSWLPXP6$YLPPRELOL]DWLRQZLWK6$0VFRPSRVHGRIWRRIELRWL-
Q\ODWHGWKLROV7KHLUVWXGLHVDOVRVKRZHGWKDWGLOXWLRQRIWKHPRQROD\HUZLWK2(*4-terminated 
DONDQH WKLROV JDYH VXSHULRU UHVXOWV WKDQ DOFRKROWHUPLQDWHG DONDQH WKLRO WRZDUGVQRQVSHFLÀF
DGVRUSWLRQRI6$Y.QROODQGFRZRUNHUVUHSRUWHGWKHDGVRUSWLRQRI6$YRQWR6$0VEHDULQJ
10% of biotinylated thiols monitored by QCM-D.475HIHUULQJWRSUHYLRXVUHVXOWVRQ6$YLPPR-
ELOL]DWLRQRQWRELRWLQGRSHGOLSLGÀOPV48 they explained the drop of dissipation observed upon 
SAv adlayer formation being due to SAv rearrangement into a more rigid layer.
 
 In order to obtain a surface presenting well-distanced immobilized SAv units, biotin 
probe density controlled by using a labile dendron spacer was demonstrated.49 In this process, 
DQFKRUPROHFXOHVZLWKDWWDFKHGGHQGURQPRGLÀHUVZHUHÀUVWDGVRUEHGRQWRWKHVXUIDFHVWHULF
interactions of the bulky dendrons controlled the density of anchor molecules bound to the sur-
IDFH7KHGHQGURQEUDQFKHVZHUHVXEVHTXHQWO\GHWDFKHGIURPWKHDQFKRUPROHFXOHVHQDEOLQJ
the attachment of biotin.  Although the binding of the immobilized SAv towards biotinylated 
10
biomolecules was not tested, it produced a surface with controlled spacing among probe mol-
ecules. 
 0RUHUHFHQWO\6YHGKHPDQGFRZRUNHUVXVHGPRQROD\HUVSUHSDUHGIURP2(*n (n = 7-9) 
GLVXOÀGHDQGYDULRXVPROHIUDFWLRQWRRIELRWLQ\ODWHGGLVXOÀGHWRVWXG\WKHLP-
PRELOL]DWLRQVHTXHQFH6$YELRWLQ\ODWHG%6$E\4&0' Monolayers containing 1% of the 
ELRWLQGLVXOÀGHZHUHFRQFOXGHGWREHWKHPRVWSHUIRUPHQWDQGZHUHWHVWHGIRUWKHLPPRELOL]D-
WLRQVHTXHQFH6$YELRWLQ\ODWHG3URWHLQ$DQWLJHQ%6$%6$,QDGGLWLRQWKHDQWLERG\DQWLJHQ
complex was repeatedly removed by basic treatment and, again immobilized. The biotinylated 




1.3.1 Atomic Force and Electron Microscopy
 7KHDWRPLFIRUFHPLFURVFRS\$)0LVDWHFKQLTXHZLGHO\XVHGWRFKDUDFWHUL]HVHOIDV-
sembled biomaterials. It is based on interaction forces occuring between a very sharp probe and 
the scanned surface. The probe is generally made of silicon or silicon nitride, and has a diameter 
VPDOOHUWKDQQP7KHVFDQQLQJPHFKDQLVPUHOLHVXSRQSLH]RHOHFWULFWUDQVGXFHUVE\DGMXVW-
ing the voltage through a piezo, the probe can be move a few Ångström in every step. The de-
tection mechanism consists of an optical lever system, where a laser beam focuses onto the end 




ate in tapping mode, which oscillate the probe over the surface of the sample or, in contact 
mode, which bends the probe in direct contact with the sample’s surface and a constant force
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is applied while scanning.%RWKPRGHVFDQEHRSHUDWHGLQDLURUOLTXLG7KHWDSSLQJPRGHLV
the most popular to observe biological samples since deformation the latter is minimized. The 
scanned area are smaller then 100 +m x 100 +PDQGPDJQLÀFDWLRQVRIWKHLPDJHVFDSWXUHG
by AFM range between 102 to 109 times. However, the atomic resolution obtained for hard 
surfaces has not been reached for biological samples. For example, the highest resolution 
DFKLHYHGRQPHPEUDQHSURWHLQVLVaQPYHUWLFDOO\DQGaQPODWHUDOO\ZKLFKQRQHWKHOHVV
allowed the observation of substructural details of single membrane proteins.
 
 ,QWUDQVPLVVLRQHOHFWURQPLFURVFRS\7(0DQHOHFWURQEHDPLVHPLWWHGIURPDFDWKRGH
at high voltage. The wavelength of this electron beam depends on the applied potential that ac-
celerates the electrons in the direction of the anode. Powerful electromagnets act on the electron 
beam as lenses. On passage of electrons through the sample, which must be kept very thin, 
inelastic and elastic scattering occur at the sample atoms. The enlarged image of the sample, 
which is generated by interaction of the incident electron beam with sample atoms, is presented 
RQDÁXRUHVFHQWVFUHHQDQGFDQEHUHFRUGHGRQDSKRWRJUDSKLFQHJDWLYHRUD&&'FDPHUD6LQFH
the observed contrast depends on the average atomic number of the atom, biological sample are 





WRSRJUDSK\6(DQG WKHFKHPLFDOFRPSRVLWLRQ %6()RU WUDGLWLRQDO6(0H[SHULPHQW WKH
sample has to be conducting and is usually imaged under high vacuum. Insulating specimens 
are usually coated with a thin layer of conducting material (e.g, carbon, gold, platinum) to avoid 









, is greater than the critical angle, ec, where sin(ec) = n2/n1 (Fig. 1). 
Figure 17RWDOLQWHUQDOUHÁHFWLRQ7,5RIOLJKW
8QGHUFRQGLWLRQVRI7,5H[SRQHQWLDOO\GHFD\LQJHYDQHVFHQWZDYHVDUHIRUPHGLQWKHORZHUUH-
fractive index medium. Surface plasmons, a surface electromagnetic wave whose propagation 
LVFRQÀQHGWRWKHPHWDOGLHOHFWULFLQWHUIDFHFDQEHH[FLWHGE\HYDQHVFHQWZDYH:KHQDWKLQ
JROGOD\HULVSODFHGDWWKHLQWHUIDFHWKHHYDQHVFHQWZDYHLVHQKDQFHGSHQHWUDWLQJWKHJROGÀOP


















When this happens, the resonance energy transfer from evanescent wave to surface plasmons 
LQGXFHV D VKDUS GHFUHDVH RI WKH LQWHQVLW\ RI WKH UHÁHFWHG OLJKW7KLV VSHFLÀF LQFLGHQW DQJOH
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UHTXLUHGIRUWKHUHVRQDQFHƧ635, depends on the refractive index of media 2 at the vicinity of the 
metal surface. Adsorption and desorption of biomolecules on the gold surface are translated into 
changes in refractive index of the media 2 near the metal-dielectric interface. Since variation 
in refractive index can be related to the adsorbed mass using a linear relationship, monitoring 
of the e635FKDQJHVFDQEHXVHGWRWUDFNDGVRUSWLRQGHVRUSWLRQSURFHVVHVRFFXULQJDWWKHOLTXLG
solid interface.
In the BIAcore system, the changes in e635DUHH[SUHVVHGDV635UHVSRQVHVPHDVXUHGLQUHVR-
QDQFHXQLWV58ZKHUH58 $635VKLIWRI58FRUUHVSRQGV WRDSSUR[L-
mately 100 ng/cm2 in surface protein concentration.
b) Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)
 ,QWKH4&0WHFKQLTXHDTXDUW]FU\VWDOLVVHWWRRVFLOODWHDWLWVUHVRQDQWIUHTXHQF\$V
ÀUVWUHFRJQL]HGE\6DXHUEUH\LQWKHUHVRQQDQFHIUHTXHQF\RIWKHFU\VWDOLVH[WUHPHO\VHQ-
sitive to mass changes.606DXHUEUH\HTXDWLRQYDOLGIRUWKLQDQGULJLGÀOPGHVFULEHVWKHOLQHDU
UHODWLRQVKLSEHWZHHQWKHUHVRQDQWIUHTXHQF\GHFUHDVHDQGWKHDGGHGPDVV
ZKHUH¨f  LVWKHREVHUYHGIUHTXHQF\VKLIWQLVWKHRYHUWRQHQXPEHUDQG6m denotes the mass 
change per unit area. The mass sensitivity constant, cQCMGHSHQGVRQWKHUHVRQDQWIUHTXHQF\f0, 
the density, lT, and the shear modulus, +T,RIWKHTXDUW]FU\VWDO)RUDf0 0+]TXDUW]FU\VWDO 
cQCM is 17.7 ng·Hz-1·cm-2,QFRQWUDVWWR635WKH4&0LVVHQVLWLYHWRWKHWRWDOPDVVFRXSOHG
to the sensor oscillation, i.e. both the mass of biomolecules and the solvent bound or hydro-
dynamically coupled to the layer.61 For that reason, the mass provided by Sauerbrey relation 
overestimates the amount of biomolecules immobilized onto the sensor. The second physical 







m =  ncQCM
m
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WRWKHYLVFRHODVWLFSURSHUWLHVRIWKHDGOD\HU,QFRPELQDWLRQZLWKPRQLWRULQJRI¨f at several 
RYHUWRQHVTXDQWLWLHVVXFKDVVKHDUPRGXOXVYLVFRVLW\GHQVLW\DQGWKLFNQHVVFDQEHH[WUDFWHG
from the data.62 This so-called Voigt-based model is used to analyze and characterizes dissipa-
tive layers. A layer is considered dissipative when 6D > 1·10-6 or 6D/6f > 1·10-8 Hz-1.63
1.4 Scope of the Thesis
 7KHDLPRIWKLVWKHVLVZDVWRRUJDQL]HVWUHSWDYLGLQ6$YXQLWVLQWRZHOOGHÀQHGRQH
dimensional and dendritic nanoarchitectures. 
 
 7KHÀUVWSDUWRIWKLVWKHVLVZDVGHGLFDWHGWRWKHV\QWKHVLVDQGFKDUDFWHUL]DWLRQRIGLI-
ferent BBA-based connectors. Based on the work previously accomplished by Stayton and 
Wilbur, BBA moiety 1 VFKHPHZDVWKHÀUVWNH\LQWHUPHGLDWHWREHV\QWKHVL]HG Fol-
lowed the synthesis of compounds 2, 3DQGGLVXOÀGH4. The synthesis of a trifurcated ligand 
analog to compound 3 DFFRPSOLVKHGE\'U.RML2RKRUDLVDOVRSUHVHQWHG 
 In the second part, the self-organization of SAv combined with linear and trifurcated 
BBA-based connectors was studied in bulk solution. The resulting nanostrucures were analyzed 
by gel electrophoresis, electron and probe microscopy. 
 The third part covers the ability of the SAv-based linear polymers to form bundles when 
exposed to calcium ions, and template the mineralization of calcite.
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2 Results and Discussion
2.1 Synthesis of BBA-Based Connectors
2.1.1 Bis-Biotin Anchor (BBA) 
 The biotin dimer 1 was readily synthesized (Scheme 1), according to the published 
experimental procedures.1(YHQWKRXJK6WD\WRQDQG:LOEXUXVHGWHWUDÁXRURSKHQROWRDFWLYDWH
biotin and diacid 7ZHXVHGSHQWDÁXRURSKHQRO3)3IRUFRVWUHDVRQVDQGJRRG\LHOGVZHUH
obtained. 
 Biotin-PFP 5 was prepared via the formation of an O-acylisourea intermediate using 
'&&DQGSXULÀFDWLRQZDVSHUIRUPHGE\UHFU\VWDOOL]DWLRQLQ0H2+$QH[FHVVRIGLR[DGLDPLQH




tion was carried out with crude compound 5WKHGLF\FORKH[\OXUHD'&8ZDVÀOWHUHGRIIIURP
the reaction mixture and crude compound 5 was directly reacted with an excess of dioxadiami-
ne to afford 6ZLWKDQRYHUDOO\LHOGRIVHH([SHULPHQWDOVHFWLRQGLFDUERQDWHWRDIIRUGWKH
Boc-protected amine 7, which was further reacted with PFP, using DCC, to afford the activated 
PFP-diester in 70% yield. The coupling of 8 with an excess of biotin derivative 6 provided Boc-
protected BBA 9. 
 Compound 9 ZDVLQLWLDOO\SXULÀHGE\FROXPQFKURPDWRJUDSK\RQVLOLFDJHOZKLFKZDV
D OHQJKW\SURFHGXUH7KHUHIRUHDQHZSXULÀFDWLRQPHWKRGXVLQJSUHSDUDWLYH UHYHUVHGSKDVH
+3/&ZDVGHYHORSSHG7KDWHQDEOHGXVWRUHGXFHWKHWLPHUHTXLUHGWRSXULI\FRPSRXQG9 - 
from 6 h down to 20 minutes - and to increase the reaction yield - from 71 up to 80%. A repre-
VHQWDWLYH53+3/&FKURPDWRJUDPIURPWKHUHDFWLRQPL[WXUHDQGD+3/&(6,06DQDO\VLVRI
SXULÀHGFRPSRXQG9 are annexed in Appendix 1. BBA (1ZDVÀQDOO\OLEHUDWHGE\WKHWUHDWPHQW
of compound 9 with TFA. With BBA (1) in hand, attention turned to the synthesis of linear li-
gand BBA2 (2).
2.1.2 Linear Connector - BBA2 
 The synthesis of compound 12 ZDVÀUVWVWXGLHGDVDPRGHOUHDFWLRQ6KHPH%DVHG
on a published procedure,2DFWLYDWLRQRIWULR[DXQGHFDQHGLRLFDFLGZLWK3)3XVLQJ('&
Scheme 2/LQHDUFRQQHFWRUPRGHOUHDFWLRQD('&3)3&+2Cl257KE(W3N, 11'0)57K
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afforded PFP-activated diester 10LQJRRG\LHOGV$IWHUDFLGFDWDO\]HGHVWHULÀFDWLRQRIDPL-
QRLVRSKWDOLF DFLG LQ(W2+ WKH DURPDWLF DPLQH11 was coupled to PFP-activated diester 10 
to produce model compound 12,ZKLFKZDVSXULÀHGE\SUHFLSLWDWLRQIURPHWK\ODFHWDWHLQWR
hexane. Three in situ activation-coupling methods were then tested to synthesize compound 
12 (Scheme 3).  The reactions were only tested on small amount of starting materials and 
TXDOLWDWLYHO\DQDO\]HGE\7/&:KHQLVREXW\OFKORURIRUPDWHDQG+2%W7%78ZHUHXVHGDV
activating agent, the desired product formed in minority compared to side-products. However,
Scheme 3  Linear connector model reaction a) Bu3N, isobutylchloroformate, 12'0)&K57KE
7%78+2%W',($12'0)&K57KF&'0710012, 57K
when CDMT-NMM was used, the TLC showed that all diacid was consumed to form the cou-
pling product 12. This successful coupling reaction condition was therefore also applied to 
synthesize target linear connector BBA2 (2). The coupling reaction of BBA (1) with PFP-acti-
vated  diester 10 afforded target compound BBA2 (2) in slightly better yields than the method 
Scheme 4 BBA2 (2V\QWKHVLVD(W3N, 1, DMF, 60°C, 24h. b) CDMT, NMM, 1, DMF, 60°C, 24h.
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XVLQJ&'07100DVFRXSOLQJDJHQW6FKHPH(YHQWKRXJKWKH\LHOGVREWDLQHGZHUHTXLWH
low, compound 2 was isolated in analytically pure form. 
 7KH (6,PDVV VSHFWUXP )LJ SUHVHQWHG D FKDUJHG LRQ SHDN DW PDVV XQLWV
ZLWK  LQWHQVLW\ ZKLFK FRUUHVSRQGV WR WKH VRGLXP DGGXFW >1D@ of BBA2 (2). 
 The 1+105VSHFWUXPRIFRPSRXQG2 is displayed in Fig.2. The signals from the two 
DURPDWLFSURWRQVRIWKH%%$XQLWWKHGRXEOHWDWSSPDQGWKHWULSOHWDWSSPDQG
WKRVHIURPELRWLQZHUHFOHDUO\LGHQWLÀHGDQGDVVLJQHGVHH([SHULPHQWDOVHFWLRQIRUK\GURJHQV
numbering system and detailed signals attribution). All the signals from 3.80 ppm  to 3.33 ppm 
were assigned to the ethylene glycol methylene protons. The sharp singlet at 4.22 ppm was as-





2.1.3 Trifurcated Connector - BBA3
 $ORWRIHIIRUWVZHUHLQYHVWHGLQWKHV\QWKHVLVDQGSXULÀFDWLRQRIWULIXUFDWHG%%$EDVHG
connectors. Two different synthetic routes using peptide coupling chemistry were used to obtain 
BBA3-1 (3) 6FKHPH'U.RML2RKRUD2VDND8QLYHUVLW\-DSDQZKRZRUNHGLQRXUODEGXU-
ing six months, synthesized analogue BBA3-2 (13E\PHDQVRIFOLFNFKHPLVWU\(YHQWKRXJK
the synthetic approach of Dr Oohora has shown to be superior in terms of reaction yields, both 
approaches are discussed in this section.







 7KH ÀUVW V\QWKHWLF URXWH OHDGLQJ WR %%$3-1 (3) began with the formation of com-
pound 16 (scheme 6). Following a published procedure,3 dioxadiamine was reacted with 
di-tert-butyl dicarbonate to give the monoprotected diamine 14 in 42% yield. A three-fold 
excess of monoamine 14 was then reacted with trimesoyl chloride, to afford the tris Boc-
protected amine derivative 15 LQ  \LHOG7KH%RF JURXSVZHUH UHPRYHGZLWK7)$ DQG
Scheme 5 Synthetic overview of trifurcated connectors BBA3-1 (3)  and BBA3-2 (13).
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Scheme 6 Diverging synthetic route to BBA3-1 (35HDJHQWVDQGFRQGLWLRQVD%RF22',($&+2Cl257K
b) 14(W3N, CH2Cl2, 0°CA&KF7)$&+2Cl2, 1h. d) Succinic anhydride, CH3CN/DMF, 40ºC, 10h. e) 
CDMT/NMM, 1, DMF, 60°C, 30h.
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the liberated triamine was converted to the corresponding triacid 17, using succinic acid an-
hydride,4 in 62% yield. The peptide coupling reaction of amino compound 1 with triacid 19, 
using CDMT and NMM, afforded BBA3-1 (3). The reaction proceeded in very poor yield (6%). 
Besides the expected mono- and bis-coupled side products, LC-MS analysis from the crude 
reaction mixture of BBA3-1 (3) (see Appendix 1) revealed that cyclisation of the amic acid 
moieties occured, leading to the formation of the corresponding imide rings (scheme 7) as the 
remaining side products. 
Scheme 7 Amic acid undergoing cyclisation with the elimination of water and formation of imide ring.
 7KHSXULÀFDWLRQRI%%$3-1 (3) by chromatography on silica gel and by reversed-phase 
was attempted but the biscoupled side-product persistently contaminated BBA3-1 (3). In view 
RIWKHGLIÀFXOWLHVPHWLQWKHV\QWKHVLVDQGSXULÀFDWLRQRI%%$3-1 (3), an alternative convergent 
synthetic route was investigated. 
 Monoprotected amine 14 was reacted with excess succinic anhydride in acetonitrile to 
generate the hemisuccinamide 18 (Scheme 8).  The coupling of 18 with aromatic amine 1, us-
ing CDMT and NMM, produced the Boc-protected amine derivative 19 in 71% yield. The Boc 
group was removed by treatment with TFA, and the liberated amine was coupled in a three-fold 
excess to trimesoyl chloride to afford target compound BBA3-1 (3) in 12% yield. That reaction 
SDWKSURGXFHGIHZHUVLGHSURGXFWVWKDQWKHSUHYLRXVDSSURDFKVHH+3/&(6,06VSHFWUDDQ-
QH[HGLQ$SSHQGL[DQGDQDO\WLFDOO\SXUHPDWHULDOZDVREWDLQHGDIWHUSXULÀFDWLRQE\FKUR-
matography on silica gel. 
 7KH(6,PDVVVSHFWUXPRI%%$3-1 (3GLVSOD\HGWKHWULSO\DQGTXDGUXSO\FKDUJHGLRQ
SHDNVDWP]DVVLJQHGDV>01D@DQGP]DVVLJQHGDV>01D@ (Fig. 3). 
30 31
Scheme 8 Convergent synthetic route to BBA3-1 (35HDJHQWVDQGFRQGLWLRQVD6XFFLQLFDQK\GULGH&+3CN, 




 Due to the low solubility of BBA3-1 (3LQWKHXVXDOYRODWLOHV105VROYHQWVWKH1H-
105VSHFWUXPZDVUHFRUGHGLQDPL[WXUHRI&'&O3 and MeOH-d4 (Fig. 4). The singlet at 8.39 
ppm, the least shielded of the aromatic protons, was assigned to the aromatic proton of the 











Figure 4 1+105VSHFWUXPRI%%$3-1 (3).
 A BBA-based tripod analog was synthesized using the Cu(I)-catalyzed Huisgen cycload-
dition (click reaction).6 The synthetic strategy involved 1,3-diplolar cycloaddition of triazido 
compound 20 to BBA-propiolamide 21 to produce trifurcated ligand BBA3-2 (13) (Scheme 9). 
$FFRUGLQJO\WKHÀUVWWDVNZDVWRSUHSDUHWKHWULD]LGRGHULYDWLYH$WKUHHIROGH[FHVVRID]LGH
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WULR[DXQGHFDQDPLQH LQ WKH SUHVHQFH RI GLLVRSURS\OHWK\ODPLQH ',3($ ZDV UH-
acted with trimesoyl chloride, to afford the triazido compound 20 LQ  \LHOG  7KH
preparation of compound  21 demanded some efforts. The coupling of propiolic acid 
with aromatic amine 1 was attempted using usual coupling agents (e.g. '&& ('& DQG
&'07 KRZHYHU QR FRXSOLQJ SURGXFW ZDV REVHUYHG 3URSLRODPLGH 21 was successful-
ly synthesized in 49 % yield by reacting aromatic amine 1 with propiolic acid in the pres-
HQFH RI HWKR[\HWKR[\FDUERQ\OGLK\GURTXLQROLQH (('4 DV FRXSOLQJ DJHQW
 With the triazide 20 and the BBA-propiolamide 21 in hand, synthesis of BBA3-2 (13) via 
´FOLFNFKHPLVWU\µZDVDWWHPSWHG7KHUHDFWLRQEHWZHHQWULD]LGH20  and BBA-propiolamide 21 
LQWKHSUHVHQFHRIPRORIVRGLXPDVFRUEDWHDQGPRORIFRSSHU,,VXOIDWHLQDPL[WXUHRI
Scheme 9 ´&OLFNFKHPLVWU\µV\QWKHVLVRI%%$3-2 (135HDJHQWVDQGFRQGLWLRQVDD]LGHWULR[DXQGHFDQ




3XULÀFDWLRQE\FKURPDWRJUDSK\RQVLOLFDJHODIIRUGHGDQDOLWLFDOO\SXUH%%$3-2 (13) in 84% 
yield. 




 As for BBA3-1 (3), the 1+105 VSHFWUXP RIBBA3-2 (13) was recorded in a mix-
ture of CDCl3 and MeOH-d4 (Fig. 6). The spectrum is, as expected, very similar  to the one 
from BBA3-1 (3). The singlet at 8.39 ppm was assigned to the aromatic proton of the trimes-
ate core, the least shielded of the aromatic protons. The following signal, a singlet at 8.24 
ppm, corresponded to the triazole ring proton. It was followed by the aromatic protons of the 
BBA unit, the doublet at 8.10 ppm and the triplet at 7.94 ppm.  All the biotin protons were 
FOHDUO\LGHQWLÀHGDQGDVVLJQHGVHH([SHULPHQWDOVHFWLRQIRUK\GURJHQVQXPEHULQJV\VWHPDQG
detailed signals attribution). The integration ratio of the trimesate core proton to the triazole 
34 
Trimesate aromatic proton 
BBA aromatic protons 
CDCl3
DMF
Triazole ring proton 
DMF
Figure 6 1+105VSHFWUXPRI%%$3-2 (13).
2.1.4 Thioalkane BBA-Based Ligand - BBA-S-S-BBA 
 Compound 4 was obtained in one step by using the previously synthe-
sized compound 19 6FKHPH  7KH %RFJURXS ZDV ÀUVW UHPRYHG E\ WUHDWPHQW ZLWK
Scheme 10 6\QWKHVLVRI%%$66%%$5HDJHQWVDQGFRQGLWLRQVD7)$&+2Cl2, 1h. b) 16-carboxyhexade-
F\OGLVXOÀGH&'07100'0)$&K
ULQJ WKH%%$XQLW DQG ELRWLQ SURWRQV FRQÀUPHG WKHPROHFXODU VWUXFWXUH RI%%$3-2 (13).
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Figure 7(6,PDVVVSHFWUXPRI%%$66%%$ (4).
 Due to solubility issues, the characterization of BBA-S-S-BBA (4E\105VSHFWURV-
FRS\UHYHDOHGWREHGLIÀFXOW$Q105H[SHULPHQWLQ'0)G7 was attempted but all the reso-
QDQFHVLJQDOVZHUHEURDGDQGXQUHVROYHG(YHQ WKRXJK WKHVDPSOHZDVVSDULQJO\VROXEOH LQ
CHCl30H2+WKHGDWDDTXLUHGLQWKLVVROYHQWV\VWHPDUHSUHVHQWHGKHUH
 The 1+105VSHFWUXPUHFRUGHGLQDPL[WXUHRI&'&O3 and MeOH-d4 (Fig. 18), pre-
sented some overlapping signals, which were assigned by using 1H-1H COSY, 1H-13C HMQC 
and HMBC experiments (see Appendix 1). The aromatic protons of the BBA unit, the dou-
blet at 8.11 ppm and the triplet at 7.98 ppm, presented an integration ratio differing from the
TFA, and a three-fold excess of the liberated amine was acylated with 16-carboxyhexadecyl 
GLVXOÀGHXVLQJ&'07100WRSURGXFH%%$66%%$4) in 21% yield.
 7KH(6,PDVVVSHFWUXPRI%%$66%%$4GLVSOD\HGWKHGRXEO\WULSO\DQGTXDGUX-
SO\FKDUJHGLRQSHDNVDWP]>01D@P]>01D@DQGP]DVVLJQHG
















nal at 8.10 ppm corresponding to an amide proton. All the signals corresponding to methylene 
SURWRQVIURPWKHGLVXOÀGHGLDFLGV\QWKRQZHUHRYHUODSSLQJWKHELRWLQSURWRQVVLJQDOVZKLFK
complicated the assignment of the resonance signals. The integration of the resonance signals 
indicated a large excess of protons in the aliphatic region. This was partially explained by the 
SUHVHQFHRI(W3NHLQWKHVDPSOHDPXOWLSOHWDWSSPDQGDWULSOHWDWSSP
 (YHQWKRXJKDOOWKHVLJQDOVZHUHFOHDUO\LGHQWLÀHGDQGDVVLJQHGVHH([SHULPHQWDOVHF-
tion for hydrogens numbering system and detailed signals attribution), due to the excess of 
protons observed in the aliphatic region, the chemical structure of BBA-S-S-BBA (4) could not 
EHFRQÀUPHGE\105VSHFWURVFRS\
 With all the BBA-based ligands synthesized and characterized at hand, our focus turned 
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2.2  Streptavidin Self-Organization from Bulk Solution
 Our aim was to program the self-organization of wild-type streptavidin (herea"er re-











multiplicity between the BBA units contains the intrinsic information about the geom-
etry of the resulting architectures, SAv acting basically as a linear linker in the self-or-
ganization process. A one-dimensional linear nano-structure was expected when us-







Figure 2 Schematic representation of hypothetical SAv-based nanostructures generated by linear and trifurcated 
connectors, BBA2 and BBA3 respectively.
honeycomb networkdendritic structure
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ing an issue during the self-organization process. If the sources of errors mentioned above are 
avoided, BBA2 and BBA3 should be effective in programming the self-assembly of SAv into a 
'ÀEULODQG'QHWZRUNRUGHQGULWLFVWUXFWXUHUHVSHFWLYHO\
 In order to assess the use of BBA-based connectors and SAv as building blocks of a molec-
XODU/(*2NLWZHSURFHHGHGDVIROORZ,QDÀUVWVWHSWKHVWRHFKLRPHWU\RIELQGLQJRIHDFK%%$
ligands towards SAv was investigated by HABA displacement assays.1 The binding pattern of
as BBA3WZRGLIIHUHQWQDQRVWUXFWXUHVFRXOGWKHRUHWLFDOO\EHJHQHUDWHGDQH[WHQGHGWZRGL-
mensional network of honeycombs as basic patterns, or a dendritic structure (Fig. 2). To create 
a program using BBA-based connectors to organize SAv, polymerization should occur solely 
along the axial direction of the protein (Fig. 3). This translates into ascertaining the fact that 
the BBA moiety binds exclusively to two cis-related sites in SAv (Fig. 3). The second obvious 
IDFWRUWRDYRLGHUURUVLQWKHSURJUDPPLQJWDVNLVWKHVSDFHU·VOHQJWKRIWKHPROHFXODUMXQFWLRQV





Figure 3 Schematic representation of the two binding possibilities of the BBA ligand to SAv. An intramolecular 




BBA with SAv and the ability of BBA2 and BBA3WRSRO\PHUL]H6$YLQDTXHRXVVROXWLRQZHUH
WKHQDQDO\]HGE\6'63$*(2 Finally, the nanostructures composed of SAv and BBA2 and/or 
BBA3 were scrutinized using electron and probe microscopy.
N.B.: Both trifurcated BBA3-1 and BBA3-2 (section 2.1.3) produced the same results for the 
experiments conducted during this thesis. Since BBA3-2 was isolated in bigger amount, all the 
experiments (in chapter 2.2 and 2.4) could be conducted at least in duplicate with this ligand. 
Therefore we will present the results obtained with BBA3-2 solely, hereafter referred to as 
BBA3.
2.2.1 Stoechiometry of Bis-Biotin Ligands Binding
 The binding stoechiometry of the different BBA ligands toward SAv was determined 
by 2-(4’-hydroxyazobenzene)benzoic acid (HABA, a hydrophobic dye weakly bound within 
the biotin-binding pocket) displacement assays. BBA ligands were titrated into a solution con-
WDLQLQJ+$%$VDWXUDWHG6$YDOORZLQJXVWRGHWHUPLQHWKHTXDQWLW\RI+$%$GLVSODFHGSHU





















Figure 4 %LQGLQJVWRHFKLRPHWU\GHWHUPLQDWLRQWKHGLVSODFHPHQWRI+$%$SAv by BBA, BBA2 and BBA3 was 
IROORZHGDWQP7KHSHUFHQWFKDQJHLQWKH2'LVSORWWHGYHUVXVWKHPRODUHTXLYDOHQWRIWKHFRPSHWLWRU  added 
with respect to the concentration of biotin binding sites.
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PRQLWRUHGZLWKWKHGLVDSSHDUDQFHRIDQLQGXFHG899LVVLJQDOƪmax QPFDXVHGE\WKH
displacement of HABA by the BBA ligand. The HABA displacement assays were plotted as the 
percent change in HABA occupied biotin-binding sites versus the ratio of BBA moiety added 
to the biotin binding-site concentration (Fig. 4). The expected ratio of two BBA molecules per 
6$YWHWUDPHUZDVREVHUYHGFRQÀUPLQJ WKH UHVXOW LQLWLDOO\REWDLQHGE\+DPEOHWWHWDO3 One 
HTXLYDOHQWHTRI%%$2 per SAv was needed to displace HABA  SAv, which corresponds 
WRWKHPRODUIUDFWLRQUHTXLUHGWRIRUPD'FRSRO\PHU$VH[SHFWHGDUDWLRRIHTXLYDOHQW
of BBA3 per SAv was observed. When an excess of BBA3 was added, the solution turned highly 
WXUELG7KDWH[SODLQVWKHPDUNHGLQFUHDVHLQDEVRUEDQFHREVHUYHGRQFHWKHHTXLYDOHQFHSRLQW
was exceeded. Nevertheless, these results suggested that BBA3 has the ability to oligomerize 
SAv. The binding stoechiometry of each BBA ligands towards SAv being promising, the self-
DVVHPEO\SURGXFWVZHUHWKHQDQDO\]HGE\6'63$*(
2.2.2 SDS-PAGE Analysis of Streptavidin Self-Assembly from Bulk Solution
 Before evaluating the propensity of BBA2 and BBA3WRSRO\PHUL]H6$YZHÀUVWDVFHU-
WDLQHGWKHIDFWWKDWWKH%%$XQLWFRXOGELQGH[FOXVLYHO\WRWZRDGMDFHQWELRWLQELQGLQJVLWHVOR-
cated on one face of a tetrameric SAv. To do so, a SAv solution (PBS 0.1 M, pH 7.4) was mixed 
ZLWKGLIIHUHQWHTXLYDOHQWVRI%%$DQGLQFXEDWHGIRUKDOIDQKRXUDWURRPWHPSHUDWXUHEHIRUH
DQDO\VLVE\6'63$*(DFU\ODPLGHJHO
 Although most of the self-assembly experiments throughout this thesis were carried 
RXWDWFRQFHQWUDWLRQVRIƫ0RUORZHUWKHVWDQGDUGSURWRFROWRDQDO\]H6$YE\6'63$*(
LQ RXU ODE UHTXLUHV D SURWHLQ FRQFHQWUDWLRQ RI ƫ04 Intermolecular reactions being often 




different SAv units. According to the intensity analysis of the different bands, the amount of 
GLPHURIWHWUDPHUIRUPHGLQODQHFDQEHHVWLPDWHGWR1HYHUWKHOHVV%%$FDQXQLWHD
44














Lane SAv (eq.) BBA(eq.)
1 & 10 1 -
2 " 0.25
3 & 11 " 0.5
4 " 0.75
	 " 1.0
6 & 13 " 1.5





Figure 5 6'63$*(DFU\ODPLGHJHODQDO\VLVRI%%$SAv. The self-assembly experiments were carried 
RXWDWƫ0JHO$DQGDWƫ0JHO%7KHPRODUHTXLYDOHQWVRIOLJDQGXVHGIRUHDFKH[SHULPHQWDUHJLYHQ
in the above table.
BA
maximum of four SAv units and this, only in traces amount. It is to mention that the different 
VDPSOHVORDGHGRQWRJHO%GLGQRWKDYHWKHVDPHFRQFHQWUDWLRQ(YHQWKRXJKWKHVDPSOHVZHUH
KDQGOHGLQWKHVDPHZD\WKHÀQDOYROXPHDIWHUFHQWULIXJDWLRQYDULHG7KHUHIRUHWKHFRQFHQ-
tration of SAv-based species varied between the samples, and the intensity of the different 
EDQGVFRXOGQRWEHFRPSDUHG&RQVLGHULQJ WKHÁXFWXDWLQJFRQFHQWUDWLRQRI WKHVDPSOHVDQG
the fact that the diluted self-assembly experiments produced essentially the same results as the 
FRQFHQWUDWHGRQHVWKHVXEVHTXHQWDQDO\VLVXVLQJ%%$2 and BBA3ZHUHFRQGXFWHGDWDƫ0
concentration of SAv.
 7RDIIHFWSRO\PHUL]DWLRQYDU\LQJPRODUTXDQWLWLHVRI%%$2 and BBA3 were added to 
VROXWLRQVRI6$Yƫ0LQ3%60S+7KHVROXWLRQVZHUHJHQWO\VWLUUHGDWURRPWHP-
SHUDWXUHGXULQJKDOIDQKRXUEHIRUHDQDO\VLVE\6'63$*(([SHFWLQJKLJKPROHFXODUZHLJKW

















Lane  M   1  2 3 4 5 6 87 9 10 11 12 13 14 15MM
Lane SAv (eq.) BBA (eq.) BBA2 (eq.) BBA3 (eq.)
1,7 & 9 1 - - -
2 " -  -
3 " - 1.0 -
4 " -  -
 " - 2.0 -
6 " - 4.0 -
8 "  - -
10 " - - 
11 " - - 
12 " - - 
13 " - - 0.66
14 " - - 0.80






each experiments using BBA2 (gel A) and BBA3 (gel C) are given in the above table. An electrophoretic analysis 
of BBA SAv on a 6% acrylamide gel (gel B) is also shown for comparison.
}
SAv
very high molecular weight oligomerized products formed (Fig 6). In some cases, the species 
were too big to migrate through the gel and almost no SAv-based material was observed. For 
instance, in lane 3, only traces of SAv oligomers were observed, suggesting that polymerization 
ZDVPRVWHIIHFWLYHZLWKHTXLPRODUDPRXQWVRI6$YDQG%%$2. The presence of shorter oligom-
HUVHYHQWKRXJKLQWUDFHVDPRXQWVXJJHVWHGWKDWHLWKHUWKHPRODUUDWLRZDVQRWH[DFWO\HTXLYD-
lent or that BBA2LVQRWORQJHQRXJKWRHIÀFLHQWO\RUJDQL]H6$YLQWRDRQHGLPHQVLRQDOÀEULO
Considering the intensity of the bands from lane 3 to 6, we clearly observed that upon increasing 




values, the resulting nanostructures were too big to migrate through the gel and no SAv-based 
PDWHULDOZDVGHWHFWHGZLWK6'63$*(DQDO\VLV7KHHOHFWURSKRUHWLFPRELOLWLHVRIWKHGLIIHUHQW
VSHFLHVREVHUYHGWKURXJKRXWWKH6'63$*(DQDO\VLVRIWKHVHOIDVVHPEO\H[SHULPHQWVZLWKWKH
different BBAs ligands was remarkably consistent. Therefore, the number of SAv units present 
LQHDFKEDQGFRXOGEHDWWULEXWHG,QWHUHVWLQJO\ZKHQDPRODUUDWLRRI>%%$3@>6$Y@ZDV
used, odd numbers of SAv-assemblies were solely observed (Fig, 6, lanes 10 & 11). This sug-
gested that BBA3 binds three SAv units, and hence, is an effective trifurcated connector. When 
DPRODUUDWLRRI>%%$3@>6$Y@!ZDVXVHG)LJODQHVHYHQQXPEHUVRI6$YDV-
sembly product added up to the previously odd entities. 
 +DYLQJFRQÀUPHGWKHDELOLW\RI%%$2 and BBA3 to oligomerize SAv, we investigated 
the SAv-based nanostructures generated with each ligand. For that purpose, electron and probe 
microscopy was used. 
2.2.3 Microscopic Analysis of the Nanostructure
 Although it is a known fact that mature WT-SAv tends to form high order aggregates, 
no literature on the molecular aspect of those aggregates was found. Since our aim was to con-
trol the self-assembly of SAv, we obviously had to identify to which extent those aggregates 












circular (Fig. 7 c, d) and linear (Fig.7 e, f) structures observed were considered as artifacts in 
WKHVXEVHTXHQWVHOIDVVHPEO\H[SHULPHQWVRI6$YZLWK%%$2 and BBA3.
 $PL[WXUH RI HTXLPRODU DPRXQW RI ELRWLQ WHWUDPHU %%$2 and SAv in PBS (0.1 M, 
pH=7.4) ZDVOHIWXQGHUPDJQHWLFVWLUULQJDWURRPWHPSHUDWXUHGXULQJPLQXWHVEHIRUHVDPSOHV
ZHUHSUHSDUHGIRU6(0H[SHULPHQWV5DQGRPO\HQWDQJOHGÀEULOVVHYHUDOPLFURPHWHUVORQJDQG





contrast, when an excess of BBA2ZDVOHIWWRUHDFWZLWK6$YVKRUWÀEULOVUHDFKLQJDPD[LPXP
OHQJKWRIQPGRPLQDWHG WKHVSHFLHVREVHUYHGE\7(0)LJF:KHQDPRODU UDWLRRI
>%%$2@>6$Y@HTXDOVWRZDVXVHGÀEHUVRIYDU\LQJOHQJKWVZHUHREVHUYHG,QDOOFDVHVWKH
Figure 7(OHFWURQPLFURVFRS\LPDJHVRI6$YVROXWLRQD7\SLFDO6(0LPDJHRIDVROXWLRQRI+M SAv in PBS 





















ÀEHUVSUHVHQWHGDZLGWKRI±2 nm, and showed a tendency to aggregate into bundles. Since 
drying artefacts can cause samples to appear more densely packed or with a completely dif-




VWUXFWXUHD6(0PLFURJUDSKRIÀEULOVSUHSDUHGIURPDQHTXLPRODUDPRXQWRI6$YDQG%%$2 (8 +M in PBS 0.1 
0S+ 1HJDWLYHO\VWDLQHG7(0LPDJHVRIWKHVWUXFWXUHVJHQHUDWHGE\+M SAv in PBS (0.1 M, pH=7.4) 
LQWKHSUHVHQFHRIEFDQGGHTXLYDOHQWVRI%%$2.
 The nanostructures generated by SAv (8 +M in PBS 0.1  M, pH= 7.4) in the presence of 
YDU\LQJPRODUHTXLYDOHQWVRI%%$3 DQGHTZHUHWKHQLQYHVWLJDWHGE\6(0)LJ
In all cases, except an apparent network pattern also observed for samples of SAv in the presence 
of CaCl2 QRGHÀQHGVWUXFWXUHZDVREVHUYHG$W\SLFDO6(0PLFURJUDSKRIWKHVDPSOHVLVVKRZQ
LQ)LJXUHD7KH7(0H[SHULPHQWV)LJDEUHYHDOHGÁRZHUOLNHVWUXFWXUHUHDFKLQJDGLDPH-
WHUHTXDOVWR+P:KHQDPRODUUDWLRHTXDOVWRRI%%$3/BBA2/SAv was used, a struc-
WXUHVXJJHVWLQJWKHIRUPDWLRQRID'QHWZRUNZDVREVHUYHG)LJGE\6(07KHDFTXLVLWLRQ







structure as evidenced on the micrograph. Similar samples (diluted 10-fold) were then stained 
ZLWKXUDQ\ODFHWDWHDQGVFUXWLQL]HGE\7(0)ORZHUOLNHVWUXFWXUHVZHUHDJDLQREVHUYHGWKLV
time reaching a diameter up to 7 +P)LJHDVZHOODVÀEULOOLFDVVHPEOLHV)LJI7KH'
QHWZRUNRIKRQH\FRPEVVWUXFWXUHREVHUYHGE\6(0FRXOGQRWEHFRQÀUPHGE\WKH7(0H[SHUL-
ments of the stained samples. 
!"!"#"!%56.%&31(+/4(-*0
 The samples were also analyzed by atomic force microscopy (AFM) in air by tapping 
PRGHXVLQJKLJKO\RULHQWHGS\UROLWLFJUDSKLWH+23*DVDVROLGVXSSRUW
 ,PDJHV RI WKH IUHVKO\ FOHDYHG +23* VXUIDFH ZHUH LQLWLDOO\ DFTXLUHG )LJ  DQG
VKRZHGIHDWXUHVW\SLFDORIDQ+23*VXUIDFH7KHLPDJHVFRQWDLQHGGRPDLQVRIVPRRWKVXU-
face demarcated by step features that correspond either to cleavage edges or microcrystallite 
Figure 9(OHFWURQPLFURVFRS\LPDJHVRIWKHVHOIDVVHPEO\SURGXFWRI%%$3DQG6$Y7\SLFDO6(0PLFURJUDSK
RIVDPSOHVSUHSDUHGIURPDPRODUUDWLRHTXDOVWRDDQGRI%%$3 with respect to SAv (8 +M in PBS 0.1 
0S+ DQGWRGRI%%$3, BBA2DQG6$YUHVSHFWLYHO\1HJDWLYHO\VWDLQHG7(0LPDJHVRIWKH
structures generated by 0.8 +06$YLQ3%60S+ LQWKHSUHVHQFHRIEFHTXLYDOHQWVRI%%$3 
DQGHIDQGHTXLYDOHQWVRI%%$3 and BBA2 , respectively.
100 +m 1 +m 500 nm
100 nm5 +m
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boundaries.7 Dry samples were prepared from a 0.8 +M solution of SAv in PBS (0.1 M, pH=7.4), 
and the AFM micrographs of the samples showed that the protein adsorbed evenly onto the sub-

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0                2                4                 6                8               10 
                                                                           length (+m)
Figure 11$)0LPDJHVDQGKHLJKWSURÀOHVRI6$YDGVRUEHGRQ+23*LQWKHGU\VWDWH6DPSOHVZHUHSUHSDUHG
IURPDDE+M and c, d) 80 nM SAv solution in PBS (0.1  M, pH= 7.4)
A B
C D











be resolved.  








QPQ PRVWSUREDEO\DGU\LQJDUWLIDFW:KHQDQH[FHVVRI%%$2 with respect to SAv was 





crographs obtained from a scanned area of 10 +m suggested an extended 2D network assembly. 
$OWKRXJKQRWSHUIHFWWKHQHWZRUNSUHVHQWHGOHVVGHIHFWVZKHQDPRODUHTXLYDOHQWRI%%$3 with 
UHVSHFWWR6$YHTXDOVWRZDVXVHG)LJFG7KHKHLJKWVIURPWKHQHWZRUNVPHDVXUHG
RQ WKHVDPSOHVSUHSDUHGIURPDQGHTXLYDOHQWVRI%%$3 with respect to SAv were 
respectively 2.9 nm ± 0.3 nm (n = 17) and 3.4 nm ±QPQ :KHQDQH[FHVVRI%%$3 
was used, the micrograph obtained from a 2+m scanned area (Fig. 13f) showed that the network 
was disrupted, the partially connected network presented a height of 3.0 nm ±QPQ 
 Although a 2D-network structure was observed for the self-assembly experiments of 


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                                                                          lenght (+m)
Figure 12$)0LPDJHVDQGKHLJKWSURÀOHVRI6$YEDVHGVHOIDVVHPEOHGÀEULOVRQ+23*LQWKHGU\VWDWH$)0
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teins,7-9LWPD\EHVSHFXODWHGWKDWWKHK\GURSKRELFLQWHUDFWLRQVZLWKWKH+23*8 can destabilize 
WKHIRUPHGÀEULOV,QRUGHUWRDVVHVVWKHLQÁXHQFHRI+23*RQWKHVDPSOHFRQIRUPDWLRQFRQ-
trol experiments consisting in imaging the samples on mica were attempted. Unfortunately, no 
adsorption of SAv was observed in the conditions used (0.8 +M in PBS 0.1 M pH = 7.4).
 (YHQWKRXJKWKHVWRHFKLRPHWU\RIELQGLQJRIWKH%%$VOLJDQGV+$%$GLVSODFHPHQW
DVVD\VDQGWKH6'63$*(DQDO\VLVRIWKHVHOIDVVHPEOHGVSHFLHVJDYHSURPLVLQJUHVXOWVWKH
microscopic analysis of the self-assembly products revealed to be non-trivial. Overall, there 
ZDV D ODFN RI FRQVLVWHQF\REVHUYHG WKURXJKRXW WKHPLFURJUDSKV DFTXLUHGZLWK WKH GLIIHUHQW
PLFURVFRSHVQDPHO\WKH6(07(0DQG$)0$OWKRXJKWKH6(0DQG7(0LPDJHVIURPWKH
self-assembly products of SAv and BBA2VXJJHVWHGWKHIRUPDWLRQRIQDQRÀEHUVWKH$)0PL-
FURJUDSKVVKRZHGPDLQO\GLVUXSWHGRUDJJORPHUDWHGÀEHUVH[FOXGLQJWKHDOLJQHG6$YDWWKH
+23*VWHSV)RUWKHVHOIDVVHPEO\H[SHULPHQWVFRQGXFWHGZLWK%%$3, a 2D network forma-
WLRQZDVVXJJHVWHGE\WKH6(0DQGWKH$)0PLFURJUDSKVEXWLWZDVQRWREVHUYHGE\7(0
 Since drying artifacts can cause samples to appear more densely packed or with a com-
pletely different structure than in the hydrated state,6WKHLPDJHVREWDLQHGPLJKWQRWUHÁHFWWKHQD-
nostructures present in solution.  In addition, the use of a highly hydrophobic surface for the AFM 
experiments added another level of uncertaintity in ascertaining the existence of the observed na-
nostructures in solution. For theses reasons, we considered the microscopic results with caution.
:HEHOLHYHWKHSUHVHQFHRIQDQRÀEUHVRU'QHWZRUNVLQWKHVROXWLRQFDQRQO\EHSURYHGE\
imaging the system in a hydrated environment.6 If the microscopic analysis of the self-assembly 
RI6$YDQGWKH%%$VOLJDQGVZHUHWREHIROORZHGLPDJHVVKRXOGEHDFTXLUHGLQWKHK\GUDWHG
VWDWHE\&U\R7(0RU$)0LQ OLTXLG IRU LQVWDQFH(YHQ WKRXJKZHGLGQ·WREVHUYHDQ\DG-
sorbed SAv on mica, different parameters like buffer composition, pH or ionic strength of the 
protein solution10, 11FRXOGEHWXQHGWRIDYRUWKHDGVRUSWLRQSURFHVV7KLVZD\WKHLQÁXHQFHRI





studied the ability of the one-dimensional polymer to template the mineralization of calcium 
carbonate (Chap. 2.3). The second and most exciting part was dedicated to further investigate 
the structures generated by BBA2 and BBA3 with SAv. To achieve this goal, we set out to im-
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2.3 One-Dimensional Streptavidin-Based Block Copolymer as a Matrix for 
Calcium Carbonate Mineralization
 This section focuses on the ability of one-dimensional SAv-based block copolymer to 
self-assemble in bundles when exposed to calcium ions solution. In the presence of carbon di-




tion in the published results, the organic analog BBA2 was initially used, and produced the same 
results. Thus, the following article, reprinted with permission from the publisher, condenses the 
calcium carbonate mineralization experiments conducted during this thesis.
 Hierarchical Self-Assembly of One Dimensional Streptavidin 
          Bundles as Collagen Mimetic for the Biomineralization of Calcite
6DELQD%XUD]HURYLF-XOLHWD*DGLQDUX-XOLHQ3LHUURQDQG7KRPDV5:DUGAngew. Chem. Int. 
Ed. Engl. 2007, 46VHOHFWHGDV´KRWSDSHUµ

















2.4 Step-by-Step Assembly of Streptavidin Units
 ,QRXUHIIRUWVWRSURGXFHZHOOGHÀQHGSURWHLQEDVHGQDQRVWUXFWXUHVD6WHSE\6WHS6E6
assembly approach was investigated. Biotinylated self-assembled monolayers (SAMs) on gold 
were used to anchor SAv, which was successively exposed to BBA-based connectors - BBA2 or 
BBA3 - and SAv (Fig.1). 
Figure 1 Schematic representation of the SbS assembly of SAv units. a) A bis-biotinylated mixed SAM was 
formed on gold and b) SAv was anchored onto the functionalized monolayer. c) The latter was exposed to BBA2 








1st elongation step } }
72 73
 In addition, this SbS assembly approach enabled us to produce monodisperse and size-
FRQWUROOHG6$YEDVHGQDQRREMHFWV)LJ
 The stepwise elongation process was followed in situE\635DQG4&0HQDEOLQJWKH
estimation of the amount of protein immobilized at each elongation step. These valuable infor-
mations were used to probe whether the growth process followed a linear or exponential trend 
when BBA2 or BBA3 was respectively involved in the nanoconstructs.
 7R REWDLQ DQ LPPRELOL]DWLRQ SODWIRUP IRU ZKLFK QRQVSHFLÀF LQWHUDFWLRQV WRZDUGV
6$YZHUHPLQLPL]HG ROLJRHWK\OHQH JO\FRO DONDQHWKLRODWH 2(*6+ )LJ ZDV FKRVHQ
as a diluting component of the SAMs.1-4 Monolayers containing 1% of biotin have been ex-
tensively studied by different research groups DQG WKH UHTXLUHG WKLRODWHGPROHFXOHV e.g, 
%LRW6+ DUH FRPPHUFLDOO\ DYDLODEOH (YHQ WKRXJK WKLV 6$0 FRPSRVLWLRQZDV UHSRUWHG WR
Figure 2 Schematic representation of the discrete nanostructures generated by an immobilized SAv unit being 





achieve the immobilization of a full monolayer of SAv,10 it was used as a starting point to in-
vestigate the SbS assembly of SAv with BBA2 and BBA3. Indeed, a low-density coverage of 
6$YZDV UHTXLUHG WR UHFRUG LPDJHVRI WKHJURZLQJ LPPRELOL]HG DUFKLWHFWXUHVE\$)0:H
rationalized that well-distanced SAv-based nanostructures would be easier to identify and scru-
tinize by AFM compared to a compact multi-layered system. Besides, steric hindrance was to 
be expected when growing SAv-based architectures onto a high-density adlayer of SAv, espe-
cially with BBA3, considering the increase of the footprint area expected after each extension 
step. However, sub-monolayer coverages of immobilized SAv were reported to be less stable  
and to result in substantially less binding of biotinylated molecules.9,10 This instability has been 
attributed to the fact that, at low biotin fraction, SAv is bound to the monolayer through one 
biotin only. In addition, full monolayer of SAv are believed to undergo a 2D structural rear-
rangement leading to a more compact and rigid phase.12-14  







speculated that the immobilization of SAv units through two biotin binding-sites would increase 
the stability of a low-density adlayer. For that purpose, BBA-S-S-BBA (Fig. 3) synthesized be- 
forehand (section 2.1.4), was used to create a new immobilization platform suiting our needs. 
 
 To study the SbS growth of SAv-based nanostructures with BBA2 and BBA3, we pro-
FHHGHGDVIROORZLQDÀUVWURXQGRIH[SHULPHQWVZHFRQWUROOHGWKHXQVSHFLÀFDGVRUSWLRQRI
6$Y DQG%%$EDVHG OLJDQGV RQ2(*6$0V 3XEOLVKHG UHVXOWV RQ ELRWLQ\ODWHG VHQVRUV
ZHUHUHSURGXFHGDQGWKH6E6DVVHPEO\RI6$YRQ%LRW6+2(*6+6$0VZLWKrBiot-SH = 0.01 
DQGZDVVWXGLHGE\4&0'DQG6357KHLPPRELOL]DWLRQRI6$YRQWR%%$6+2(*
SH SAMs with rBBA-SH = 0.001 and 0.0001, as the SbS extensions of SAv units with BBA2 and 
BBA3ZHUHWKHQIROORZHGE\635DQGRU4&07KHUHVXOWLQJLPPRELOL]HG6$YEDVHGQDQR-
VWUXFWXUHVZHUHÀQDOO\LPDJHGE\$)0LQWKHK\GUDWHGVWDWH
NB: A detailed explanation of the QCM-D and SPR data interpretation and analysis is annexed 
in Appendix 2. 
1RQVSHFLÀF$GVRUSWLRQRI6$YRQ6$0V&RPSRVHGRI2(*6+
 To study the assembly of SAv SbS, it was of importance to obtain an immobilization 







 7KH VHQVRUJUDP FRQÀUPHG WKDW 6$Y GLG QRW ELQG RQWR WKH 2(*6+ PRQROD\HU
(6R 58DQG58UHVSHFWLYHO\IRUWKHWZRÀUVWLQMHFWLRQV7KHLQMHFWLRQRI%%$2 in-
GXFHG D UHODWLYH 635 UHVSRQVH VKLIW RI  58 6LQFH WKH VXEVHTXHQW H[SRVLWLRQ RI WKH
76
Figure 3 635UHVSRQVHRQWKHSDVVDJHRIVROXWLRQVRI6$Y.10-6 M in PBS) and BBA2 (2.10-6 M in HBS-P (1% 
0H2+RYHUD2(*6+6$07KHVXUIDFHZDVZDVKHGZLWK+%63DIWHUHDFKLQMHFWLRQRIWKHVROXWLRQRIELR-
PROHFXOHV$ÁRZUDWHRI+l/min was used during the whole procedure. The SAv and BBA2LQMHFWLRQVWHSVDUH
indicated respectively by the pink and grey colored bands.
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used as a diluent component for all the biotinylated mixed SAMs used in this work. 
2.4.2 Characterization of SAv Immobilization onto 1% Biot-SH Sensors
 Before proceeding to the SbS assembly of SAv experiments, the initial anchoring step of 
6$YRQWRPRGLÀHGVXUIDFHVFRQWDLQLQJRIELRWLQ%LRW6+2(*6+ZDVÀUVWFKDUDF-
WHUL]HG7DEOH:LWKERWKVHQVLQJWHFKQLTXHVRIWKHVDWXUDWLRQYDOXHZDVUHDFKHGZLWKLQ
VHFRQGV$IUHTXHQF\VKLIWRI+]+]ZLWKDGLVVLSDWLRQVKLIWRIƸ-6  was 
recorded at the 3rd overtone by QCM-D. These are in the range of earlier reported values for 
SAv monolayer formation on biotinylated mixed SAMs.10, 11, 136LQFHWKHQRUPDOL]HGIUHTXHQ-
cy shift observed at different overtones gave essentially the same value, Sauerbrey relation, 
6mQCM = -CQCM6f  (CQCM = 17.7 ng·cm-2·Hz-1),  was used to estimate an adsorbed mass for SAv of 
QJFP2. 
 
 6LPLODUWRWKHUHVXOWVSXEOLVKHGE\-XQJet al., a response shift of 58was 
UHFRUGHGE\6356%\DVVXPLQJ58 QJFP2, the observed response shift corre-
sponded to QJFP2 of immobilized SAv.17 This is below the value (~230 ng/cm2) usually 
associated with the formation of SAv 2D layer on biotinylated surfaces.6, 13(YHQWKRXJKPDWXUH
SAv differs from the widely used core SAv by 20 additionnal residues at the C-terminus, we 
DVVXPHGWKDWD'´FU\VWDOOLQHµPRQROD\HURI6$YZDVQRWDFKLHYHGLQWKLVFDVH
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2.4.3 Step-by-Step Assembly of SAv on SAMs Composed of Biot-SH and OEG-SH
 The SbS assembly of SAv using BBA2 and BBA3 was attempted on 1% Biot-SH sensors. 
Two extension steps using BBA2 (Fig.4) and four steps using BBA3 )LJZHUHIROORZHGE\
4&0'7KURXJKRXWERWKH[SHULPHQWVWKHIUHTXHQF\GHFUHDVHGPDVVXSWDNHGXHWRDGVRUS-
WLRQDWHDFKLQMHFWLRQVWHSZLWKRXWDQ\LQFUHDVHDWWKHULQVLQJVWHS6D and 6f  values recorded 
DWWKHUGRYHUWRQHIRUHDFKLQMHFWLRQVWHSZHUHDQQH[HGLQ$SSHQGL[6LQFHWKHQRUPDOL]HG
IUHTXHQF\VKLIWVREVHUYHGDWGLIIHUHQWRYHUWRQHVGLGQRWGLIIHUPXFKDQG6D/6f < 1·10-8 Hz,20 
Sauerbrey relation was used to translate the recorded 6f into mass uptake. 
The difference observed between 6mQCM and 6m635UHÁHFWV WKHIDFW WKDW LQFRQWUDVW WR635
ZKLFKPHDVXUHVWKH´GU\µPDVV4&0LVVHQVLWLYHWRERWKWKHDGVRUEHGELRPROHFXOHVDQGWKH
coupled solvent. By comparing the optical and hydrated masses, a hydration of 69% was es-
timated for the immobilized layer of SAv. This result is consistent with results previously re-
ported for SAv monolayer formation onto biotinylated supported lipid bilayers (SLBs).12, 18, 19 
)XUWKHUPRUHXVLQJDPROHFXODUZHLJKWRIJPRO-1, the immobilized mass of SAv (144 
ng/cm2) corresponded to an available area of 76 nm2 per SAv unit. Assuming a footprint area of 
~30 nm2  for SAv, we speculated that the linear SbS assembly of SAv using BBA2 could poten-
tially be successful.
Table 1 4XDQWLÀFDWLRQRI WKH LPPRELOL]HG DPRXQWRI6$YRQWR%LRW6+VHQVRUV$GVRUSWLRQYDOXHV IURP
4&0'DUHVKRZQDVQRUPDOL]HGIUHTXHQF\VKLIWVIRUWKHUGRYHUWRQHWKDWZDVFKRVHQDVWKHPRVWUHSURGXFLEOH
and stable one. The error indicates the variation between four measurements. The degree of hydration was calcu-
lated by comparing 6mQCM (calculated from 6f XVLQJ6DXHUEUH\HTXDWLRQWR6m635 (calculated by using the as-










area per SAv (nm2/SAv unit) 76
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Figure 5 QCM-D measurements for the SbS assembly of SAv using BBA3 on a 1% Biot-SH sensor. 6f and6D 
vs time traces (3rd overtone) recorded upon successive exposure of the biotinylated surface to SAv (1.10-6 M in 
HBS-P) and BBA3 (2.10-6 M in HBS-P (1% MeOH)) solutions. The surface was rinsed three times with running 
EXIIHU+%63DWWKHHQGRIHDFKLQMHFWLRQ7KH6$YDQG%%$3LQMHFWLRQVWHSVDUHLQGLFDWHGUHVSHFWLYHO\E\WKH
pink and green colored bands.



























Figure 4 QCM-D measurements for the SbS assembly of SAv using BBA2 on a 1% Biot-SH sensor. 6f and6D 
vs time traces (3rd overtone) recorded upon successive exposure of the biotinylated surface to SAv (1.10-6 M in 
HBS-P) and BBA2 (2.10-6 M in HBS-P (1% MeOH)) solutions. The surface was rinsed three times with running 
EXIIHU+%63DWWKHHQGRIHDFKLQMHFWLRQ7KH6$YDQG%%$2LQMHFWLRQVWHSVDUHLQGLFDWHGUHVSHFWLYHO\E\WKH

















































































Figure 7 635VHQVRJUDPIRUDÀYHVWHSVHORQJDWLRQRI6$YXVLQJ%%$3 on a 1% Biot-SH sensor. $ÁRZUDWHRI
+OPLQZDVXVHGGXULQJWKHZKROHSURFHGXUH+l of  SAv (1.10-6 M in HBS-P) and BBA3 (2.10-6 M in HBS-P 
'0)VROXWLRQVZHUHÁRZHGRYHUWKHELRWLQ\ODWHG6$0HDFKLQMHFWLRQVWHS7KH6$YDQG%%$3LQMHFWLRQ
steps are indicated respectively by the pink and green colored bands.
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Figure 8 Variation of the adsorbed mass of SAv at each elongation step using BBA2 EODFNVTXDUHVDQG%%$3 
JUHHQVTXDUHVRQ%LRW6+6$0V)RUFRQVLVWHQF\RIWHUPLQRORJ\WKHLQLWLDOLPPRELOL]DWLRQVWHSRI6$YRQWR
WKHELRWLQ\ODWHG6$0VZDVGHQRWHGDVWKHHORQJDWLRQVWHS´µ
The resulting 6mQCM and 6m635 obtained for the successive elongation steps of SAv using 
BBA2 and BBA3 )LJ  DV WKH FRUUHVSRQGLQJ H[WHQVLRQ HIÀFLHQFLHV 7DEOH  GHÀQHG DV
Eff = 6mn/6mn-1 were determined.
Table 2 ([WHQVLRQHIÀFLHQF\Eff) of each elongation step of SAv using BBA2 and BBA3 for the SbS assembly 
H[SHULPHQWRQ%LRW6+6$0VIROORZHGE\4&0'DQG635
 7KH6E6DVVHPEO\RI6$YRQWR%LRW6+6$0VGLGQRWSURFHHGTXDQWLWDWLYHO\WKH
Eff values obtained were below 1.0 and 2.0 for the successive extension steps using BBA2 and 
BBA3, respectively (Table 2). The results suggested that, onto 1% Biot-SH sensors,  BBA3 
EHKDYHGPRUHRUOHVVDVDOLQHDUMXQFWLRQLQWKH6E6DVVHPEO\RI6$Y$OVRWKHEff value of 
0.96 obtained at the sixth extension step using BBA2 approached the ideal value expected for 
DQHIIHFWLYH OLQHDU MXQFWLRQ7KH6m635IRU WKLVHORQJDWLRQVWHSFRUUHVSRQGHG WRaQJFP2
about 1/3 of the amount of SAv immobilized at the initial anchoring step.  We concluded that 
WKH%LRW6+6$0VQHHGHGWREHIXUWKHUGLOXWHGZLWK2(*6+WRDYRLGVWHULFKLQGUDQFHGXULQJ
(ORQJDWLRQVWHS
              1 2 3 4  6 7 8 9 10
EffXVLQJ%%$2 (QCM)  0.70 - - - - - - - -
635 0.87 0.76 0.76 0.78 0.91 0.96 0.90 0.93 0.94 1.0
                 BBA3 (QCM)  1.2 0.72 1.2 - - - - - -
635 0.92 0.91  1.04 1.06 - - - - -
              8        9       10
















the SbS assembly of SAv. 
 
 The SbS elongation of SAv using BBA3 onto a 0.1% Biot-SH SAM was followed by 
4&0)LJ7KHLQLWLDOH[SRVXUHRIWKHPRGLÀHGVXUIDFHWRD6$YVROXWLRQWaPLQUHVXOW-






























Figure 9 QCM-D measurements for the SbS assembly of SAv using BBA3 on a 0.1% Biot-SH sensor. 6f and6D 
YVWLPHWUDFHVUGDQGWKRYHUWRQHUHFRUGHGXSRQVXFFHVVLYHH[SRVXUHRIWKHELRWLQ\ODWHGVXUIDFHWRSAv (1.10-6 
M in HBS-P) and BBA3 (2.10-6 M in HBS-P (1% MeOH)) solutions. The surface was rinsed three times with run-
QLQJEXIIHU+%63DWWKHHQGRIHDFKLQMHFWLRQ7KH6$YDQG%%$3LQMHFWLRQVWHSVDUHLQGLFDWHGUHVSHFWLYHO\E\
the pink and green colored bands. 
=
BBA3
and, more importantly, when the immoblized SAv units were exposed to a BBA3 solution 
WaPLQVWDELOL]LQJDW6fn=3 = 2.8 Hz. This behavior was observed throughout the experi-
PHQWH[SRVXUHRIWKHLPPRELOL]HG6$YWRD%%$3  VROXWLRQLQGXFHGDGHFUHDVHRIWKHIUHTXHQF\
(mass loss due to desorption). Taking into account the mass loss recorded after the BBA3LQMHF-
tion steps (see Appendix 2 for detailed 6f and 6D values), elongation efficiency values of 2.7, 
2.2 and 1.7 were respectively obtained for three successive elongation steps of SAv. The fact 
that the first two extension steps exceed the theoretical value of 2.0 can be explained by rear-
UDQJHPHQWHYHQWVWDNLQJSODFHGHVRUSWLRQIROORZHGE\UHELQGLQJWRDQRWKHUDQFKRUHG6$YDW
the sensor surface.
 Considering the lack of stability observed for the 0.1% Biot-SH monolayer towards the 
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SbS growth of SAv nanostructures using BBA-based ligands, the next step consisted of testing 
RXUWDLORUPDGHLPPRELOL]DWLRQSODWIRUPWKH%%$6+2(*6+6$0V
2.4.4 Preparation of SAMs Composed of BBA-SH and OEG-SH
 &RQVLGHULQJ WKH VROXELOLW\ LVVXHV HQFRXQWHUHG GXULQJ WKH SXULÀFDWLRQ SURFHVV RI
%%$66%%$VHFWLRQPL[HG6$0VFRPSRVHGRI%%$6+DQG2(*6+SUHSDUHG
E\WZRGLIIHUHQWDGVRUSWLRQPHWKRGVZHUHTXDOLWDWLYHO\DQDO\]HGE\7KHFRDGVRUSWLRQPHWK-
RGFRQVLVWHGRI LPPHUVLQJ WKHJROG VXEVWUDWH LQ D VROXWLRQRI2(*6+DQG%%$66%%$
LQ(W2+ IRU D SHULRGRI K ,Q WKH VHTXHQWLDO DGVRUSWLRQ WKHJROG VXEVWUDWHZDVÀUVW H[-
posed to a solution of BBA-S-S-BBA for 30 min and then immersed into an ethanolic so-
OXWLRQ RI 2(*6+ GXULQJ D SHULRG RI K 7KH ;36 DQDO\VLV UHVXOWV DUH SUHVHQWHG EHORZ
(Table 3). For the coadsorption method, no nitrogen was detected in the elemental analy-
sis of the monolayer composition. This suggested that BBA-S-S-BBA, the only thiolated 
component bearing nitrogen atoms, was not incorporated into the SAM or, at least, not in 
Table 3 XPS data of surface elemental percentages of 1% BBA-SH SAMs prepared by coadsorption and stepwise 
procedures.




biotin moieties were on average more abundant at the surface of the monolayer than at the 
SAM-gold substrate interface.  
 ,QWKHOLJKWRIWKH;36H[SHULPHQWV%%$6+2(*6+6$0VXVHGDVLPPRELOL]DWLRQ
SODWIRUPVIRUWKH6E6DVVHPEO\RI6$YZHUHDOOSUHSDUHGE\VHTXHQWLDODGVRUSWLRQ
Method % C % N % O % S
coadsorption 73.9 - 23.3 2.8
VHTXHQWLDODGVRUSWLRQ 72.2 2.7 21.2 3.9
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Figure 10 QCM-D measurements for the SbS assembly of SAv using BBA3 on a 0.1‰ BBA-SH sensor. 6f and
6D vs time traces UGEOXHDQGWKJUHHQRYHUWRQHUHFRUGHGupon successive exposure of the biotinylated 
surface to SAv (1.10-7 M in HBS-P) and BBA3 (4.10-7 M in HBS-P (1% MeOH)) solutions. The surface was rinsed 
WKUHHWLPHVZLWKUXQQLQJEXIIHU+%63DWWKHHQGRIHDFKLQMHFWLRQ(YHQWKRXJKWKHIUHTXHQF\VLJQDOGULIWHGXQWLO
WaPLQWKHZKROHIUHTXHQF\YVWLPHWUDFHLVVKRZQ7KH6$YDQG%%$3LQMHFWLRQVWHSVDUHLQGLFDWHGUHVSHF-
tively by the pink and green colored bands. 
VWDELOL]HGIURPWaPLQDQGWKHIUHTXHQF\VKLIWV6f, were analyzed from then on. 
 In contrast to the Biot-SH sensors, our tailor-made BBA-SH monolayer revealed to be 
PRUHVWDEOHWRZDUGVGHVRUSWLRQRI6$YDWORZELRWLQIUDFWLRQWKHIUHTXHQF\GHFUHDVHGDWHDFK
extension steps and no increase was observed for both BBA3  and buffer rinsing steps (see 
Appendix 2 for detailed 6f and 6DYDOXHV7KHWKLUG6$YLPPRELOL]DWLRQVWHSLQMHFWHGDWWa
PLQVDWXUDWHGDWDIUHTXHQF\VKLIWRI+]ZLWKDGLVVLSDWLRQVKLIWRIÃ-6  (3rd ov-
HWRQH$OWKRXJKWKHIUHTXHQF\DQGGLVVLSDWLRQUHVSRQVHVGLVSOD\HGRYHUWRQHGHSHQGHQFLHVDQG
6D/6f > 1·10-8 Hz-1,20WKHIUHTXHQF\VKLIWVZHUHWUDQVODWHGWRPDVVXSWDNHXVLQJ6DXHUEUH\UHOD-





2.4.5 Step-by-Step Assembly of SAv on SAMs Composed of BBA-SH and OEG-SH
  The SbS extension of SAv using BBA2 and BBA3 was attempted on 0.1‰ BBA-SH 
6$0V:LWK WKLV6$0FRPSRVLWLRQQRVWDEOHEDVHOLQHFRXOGEH UHFRUGHGIRU WKH IUHTXHQF\
signal at the begining of the QCM experiments. Although the SbS assembly of SAv using BBA2 
ZDVDWWHPSWHGDSHUVLVWHQWGULIWLQWHUIHUHGZLWKWKHGDWDDFTXLVLWLRQ1HYHUWKHOHVVVL[H[WHQVLRQ
steps of SAv using BBA3ZHUHPRQLWRUHGE\4&0)LJ7KHPRQLWRUHGIUHTXHQF\VLJQDO
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Figure 12 635VHQVRJUDPVKRZLQJWKHVWHSVHORQJDWLRQRI6$YXVLQJ%%$3 on a 0.1‰ BBA-SH sensor. To cor-
UHFWWKHEDVHOLQHGULIWWKHLQLWLDOÁRZUDWHRI+l/min was increase to 20 +OPLQIURPWaVHFWRWaVHF
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                                                                                                                                     Time (103 sec)
ÁRZ20 +l/min ÁRZ10 +l/min
Figure 11 635VHQVRJUDPVKRZLQJWKHVL[VWHSVHORQJDWLRQRI6$YXVLQJ%%$2 on a 0.1‰ BBA-SH sensor. $ÁRZ
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For that reason, we did not analyze the QCM-D data using a viscoelastic model.
 In parallel to the QCM-D experiments, six elongation steps of SAv using BBA2 (Fig.11) 
and BBA3 )LJZHUHIROORZHGE\6357KHVHQVRUJUDPVFOLPEHGDWHDFK6$YLQMHFWLRQVWHS
without any decrease recorded at the washing steps (see Appendix 2 for detailed 6R values). The
84 
(ORQJDWLRQVWHS
              1 2 3 4  6
EffXVLQJ%%$3 (QCM) - - 1.22  1.28 1.18
635 1.60 1.38 1.29   1.19
                 BBA2635 0.99 0.93 0.99 0.93 0.93 0.94
Figure 13 Variation of the adsorbed mass of SAv at each elongation step using BBA2 EODFNVTXDUHVDQG%%$3 
JUHHQVTXDUHVRQWRÆ%%$6+6$0V)RUFRQVLVWHQF\RIWHUPLQRORJ\WKHLQLWLDOLPPRELOL]DWLRQVWHSRI6$Y
RQWRWKHELRWLQ\ODWHG6$0VZDVGHQRWHGDVWKHHORQJDWLRQVWHS´µ

















635H[SHULPHQWVUHYHDOHGWKDWRQO\QJFP2 of SAv were immobilized at the initial an-
choring step. This value being essentially the detection limit of the QCM device used through-
out this work explained the baseline drift problems encountered during the QCM experiments. 
$QLPPRELOL]HGPDVVRIaQJFP2 corresponded to an available area of ~2 +m2 per SAv unit, 
which was well enough space to accomodate both linear and dendritic growth processes. 
  The 6mQCM and 6m635)LJDVWKHFRUUHVSRQGLQJH[WHQVLRQHIÀFLHQF\ values (Table 
4) obtained at each elongation step of SAv onto 0.1‰ BBA-SH SAMs, are presented below. 
$FFRUGLQJWRWKH635UHVXOWVWKH6E6DVVHPEO\RI6$YXVLQJ%%$2ZDVFORVHWRDTXDQWLWDWLYH
OLQHDUHORQJDWLRQFRQVWUXFW Eff values from 0.93 to 0.99 were recorded for the successive elon-
gation steps of SAv. However, the results obtained for the SbS assembly of SAv using BBA3 
ZHUHGLIÀFXOWWRUDWLRQDOL]H6LQFHWKHEff values did not approach the value of 2.0, as expected 
IRUDGHQGULWLFJURZWKSURFHVVGLIIHUHQWJURZWKFDVHVVFHQDULRZHUHHQYLVLRQHG,QWKHÀUVWFDVH
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ferently and the Eff values expected at each step appear in the above table.
A B
(ORQJDWLRQVWHS
              1 2 3 4  6
EffVFHQDULRD 2 2 3/2 7/6 8/7 
         scenario b 3/2 4/3   9/8 14/9
scenario (Fig. 18a), a honeycomb-based network growing from an isolated anchorage point was 
FRQVLGHUHG7KHVHFRQGFDVHVFHQDULRUHÁHFWHGWKHIDFWWKDWELVELRWLQ\ODWHGGLVXOÀGHPROHFXOHV
ZHUHXVHGWRSUHSDUHWKHLPPRELOL]DWLRQSODWIRUPDKRQH\FRPEEDVHGQHWZRUNJURZLQJIURP
two neighboring anchorage points. The Eff values for each elongation step were calculated for 
ERWKJURZWKFDVHVVFHQDULR(YHQWKRXJKRQHFDQDUJXHDERXWZKHUHWRVWRSWKHJURZWKSURFHVV
i.e. when steric hindrance comes into play, the Eff values for the second case scenario are closer 
to our experimental results.
 In order to gain additional information, the SbS assembly of SAv where BBA2 and 
BBA3 were successively alternated was studied.  A six-steps elongation of SAv for the alter-
QDWLQJFRQVWUXFWRQWRÆ%%$6+6$0VZDVPRQLWRUHGE\4&0)LJDQG635)LJ
'XHWRVWURQJGULIWLVVXHVWKHÀUVWWKUHHLQMHFWLRQVQDPHO\WKHLQLWLDOLPPRELOL]DWLRQVWHS
RI6$YIROORZHGE\WKHLQMHFWLRQVRI%%$2 and SAv, could not be analysed and therefore were 
RPLWWHG7KXVWKHIUHTXHQF\DQGGLVVLSDWLRQWUDFHVSUHVHQWHGEHORZ)LJVWDUWDWWKHIRXUWK
LQMHFWLRQ%%$3 immobilization step). The 6R , 6f  and 6D UHFRUGHGIRUHDFKLQMHFWLRQZDVDQ-
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Figure 16 635VHQVRJUDPVKRZLQJWKHVL[VWHSVH[WHQVLRQDVVHPEO\RI6$YE\DOWHUQDWLQJ%%$2 and BBA3 on 
a 0.1‰ BBA-SH sensor. $ÁRZUDWHRI+OPLQZDVXVHGGXULQJWKHZKROHSURFHGXUHH[FHSWIURPWaVHFWR
WaVHFZKHUHDÁRZUDWHRI+OPLQZDVXVHGIRUZDVKLQJSXUSRVHV+l of SAv (1.10-6 M in HBS-P) and 
BBA2 (4.10-70LQ+%63'0)ZDVXVHGIRUWKHÀUVWWZRLQMHFWLRQV+RZHYHUIRXUZDVKLQJVWHSVXVLQJD
ÁRZUDWHRI+l/min was needed to recovered a stable baseline. For that reason, a volume of 40 +l for SAv, BBA2 
































Figure 15 QCM-D measurements for the SbS assembly of SAv using BBA2 and BBA3 on a 0.1‰ BBA-SH sen-
sor. 6f and6D vs time traces UG EOXHDQGWK JUHHQRYHUWRQH UHFRUGHGupon successive exposure of the 
biotinylated surface to SAv (1.10-7 M in HBS-P) with alternating BBA2 (4.10-7 M in HBS-P (0.2% DMF) and BBA3 
(4.10-7 M in HBS-P (1% MeOH)) solutions. 'XHWRVWURQJGULIWLVVXHVWKHÀUVWLQMHFWLRQVWHSV6$Y%%$2
3.SAv) are not shown. 7KHVXUIDFHZDVULQVHGWKUHHWLPHVZLWKUXQQLQJEXIIHU+%63DWWKHHQGRIHDFKLQMHFWLRQ


























              1 2 3 4  6
   Eff  (QCM) - - 0.64 1.48 0.84 1.74
635  1.49 0.83  0.76 
Figure 17 Variation of the adsorbed mass of SAv at each elongation step by alternate use of BBA2 EODFNVTXDUHV
and BBA3JUHHQVTXDUHVRQÆ%%$6+6$0V)RUFRQVLVWHQF\RIWHUPLQRORJ\WKHLQLWLDOLPPRELOL]DWLRQ
VWHSRI6$YRQWRWKHELRWLQ\ODWHG6$0VZDVGHQRWHGDVWKHHORQJDWLRQVWHS´µ
Table 5 ([WHQVLRQHIÀFLHQF\Eff) of each elongation step of SAv by alternate use of BBA2 (Eff values in black) 
and BBA3 (Eff values in green) for the SbS assembly experiment on 0.1‰ BBA-SH SAMs followed by QCM-D 
DQGRU635
The 6mQCM and 6m635 translated from the 6R and 6f recorded at each extension step of SAv 
are presented below (Fig. 17). An interesting trend emerges from the corresponding Eff values 
WDEOHHVSHFLDOO\IRUWKH635PHDVXUHPHQWVVLQFHDOOHORQJDWLRQVWHSVZHUHPRQLWRUHG
An Eff YDOXHFORVHWRZDVREWDLQHGIRUWKHÀUVWH[WHQVLRQVWHSXVLQJ%%$2. For the subse-
TXHQWH[WHQVLRQVWHSVEffYDOXHVDURXQGDQGZHUHREWDLQHGZKHQ%%$3 and BBA2 were 
used, respectively. To rationalize these results, a growth case scenario for the SbS assembly 
RI6$YZLWKDOWHUQDWLQJ OLJDQGFRQVWUXFWZDVHQYLVLRQHG )LJ8VLQJD ´WZRDQFKRUDJH
SRLQWVORFDOL]HGLQWKHYLFLQLW\RIRQHDQRWKHUµPRGHOWKHRUHWLFDOEff values similar to the ones 
UHFRUGHGH[SHULPHQWDOO\E\635DUHREWDLQHGDQGIRU6$YHORQJDWLRQVWHSVLQYROYLQJ
BBA3 and BBA2, respectively.   
 These results suggested that the SbS assembly process onto 0.1‰ SAMs is well des-
cribed by a situation approaching the model where two BBA anchorage points are localized in 
the vicinity of one another. 
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 To circumvent the problems related to the QCM detection limit, mixed SAM con-
taining 0.1% of BBA-SH were prepared. Three extension steps of SAv using BBA2 were 
monitored by QCM (Fig 19). With this SAM composition, a stable baseline could be re-
FRUGHG 7KH ÀUVW LPPRELOL]DWLRQ VWHS RI 6$Y RQ  %%$6+ PRQROD\HU VDWXUDW-
HG DW D IUHTXHQF\ VKLIW RI  +]ZLWK D GLVVLSDWLRQ VKLIW RI   Ƹ-6  (3rd over-
tone) (see Appendix 2 for 6f and 6D YDOXHV (II YDOXHV IRU HDFK HORQJDWLRQ VWHS ZHUH
GHWHUPLQHG 7DEOH  $OWKRXJK WKH ÀUVW HORQJDWLRQ VWHS RI 6$Y FRUUHVSRQGHG WR DQ
Figure 18 Schematic representation of a growth scenario for the SbS assembly of SAv with alternating ligand 
FRQVWUXFW6$YZDVUHSUHVHQWHGDVVSKHUHVIRUFRQYHQLHQFHSXUSRVHV(DFKHORQJDWLRQVWHSRI6$YZDVFRORUHG



































Figure 19 QCM-D measurements for the SbS assembly of SAv using BBA2 on a 0.1% BBA-SH sensor. 6f and
6'YVWLPHUGDQGWKKDUPRQLFUHFRUGHGXSRQVXFFHVVLYHH[SRVXUHRIWKHELRWLQ\ODWHGVXUIDFHWRSAv (1.10-6 M 
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Figure 20 QCM-D measurements for the SbS assembly of SAv using BBA3 on a 0.1% BBA-SH sensor where a 
mixture . 6f and6'YVWLPHUGDQGWKKDUPRQLFUHFRUGHGXSRQVXFFHVVLYHH[SRVXUHRIWKHELRWLQ\ODWHGVXUIDFH










H[WHQVLRQHIÀFLHQF\RIWKHIROORZLQJRQHVEff  = 0.94 and 0.98, respectively - tended 
towards the value expected for a linear growth process.  
         The SbS assembly of SAv using BBA3 on a 0.1% BBA-SH was also attempted . However, 
following the initial immobilization of SAv, the available biotin binding sites were partially 
EORFNHG7RGRVRDVROXWLRQRI%%$66%%$DQG%%$LQDUDWLRRIZDVÁRZHGRYHUWKH
VHQVRU%%$DFWHGDVDEORFNLQJDJHQWZKLOH%%$66%%$HQDEOHGIXUWKHUH[WHQVLRQRI6$Y
0RUHRYHU E\ LQWURGXFLQJ DGLVXOÀGHEULGJH LQ WKHQDQRVWUXFWXUH WKH ODWWHU FRXOG DW D ODWHU
stage, be cleaved off from the sensor. Counting in the blocking step, four elongation steps of 
6$YZHUHIROORZHGE\4&0)LJ7KHH[WHQVLRQHIÀFLHQFLHVREWDLQHGIRUHDFKHORQJDWLRQ
step of SAv are listed in table 6. A EffYDOXHRIZDVUHFRUGHGIRUWKHÀUVWHORQJDWLRQVWHS
suggesting that ~2/3 of the bioting binding sites got effectively blocked. The following elonga-
tion step of SAv using BBA3 resulted in an Eff of 2.0, the expected value when using an effec-
WLYHWKUHHZD\MXQFWLRQ7KHVXEVHTXHQWHORQJDWLRQVWHSVJDYH Eff values tending towards 1.0, 






 A last observation is that the results obtained onto 0.1% BBA-SH sensors were very 
FRQVLVWHQWWKH6f recorded for the elongation steps where BBA3DFWHGDVDOLQHDUMXQFWLRQ6f ~ 
-12 Hz) were very similar to the values recorded using BBA2 ( 6f  ~ -11 Hz) (c.f Appendix 2).  
 Considering the knowledge accumulated for the SbS assembly of SAv through the QCM 
DQG635H[SHULPHQWVWKHÆ%%$6+PRQROD\HUZDVFKRVHQDVLPPRELOL]DWLRQSODWIRUP
IRU$)0LPDJHDFTXLVLWLRQRIWKHOLQHDU6$YQDQRVWUXFWXUHVLQOLTXLG
2.4.6 AFM Experiments in Liquid







 After exposure of the biotinylated SAMs to a SAv solution, the samples were imaged 
DJDLQ7KHPLFURJUDSKREWDLQHGIURPD+m scanned area (Fig. 21c) showed what appeared as 
well-distanced immobilized SAv units. From the 1 +m scanned areas, protusions corresponding
(ORQJDWLRQVWHS
              1 2 3 4
   Eff   BBA2 (QCM) 0.92 0.94 0.98 -
           BBA3 (QCM) 0.36 a 2.02 1.14 1.00
Table 6 ([WHQVLRQHIÀFLHQF\Eff) for each elongation step of SAv using BBA2 and BBA3 on 0.1% BBA-SH SAMs 
IROORZHGE\4&0'D3DUWLDOEORFNLQJRIWKHELRWLQELQGLQJVLWHVZDVSHUIRUPHGIRUWKHÀUVWH[WHQVLRQVWHS
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Figure 21 Typical AFM topographs of 0.1‰ BBA-SH SAMs before (a, b) and after (c, d and e) being exposed 
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for 2D crystals of SAv on biotinylated SLBs.22
          
 $OWKRXJKKHLJKWPHDVXUHPHQWVFDQEHDFTXLUHGZLWKDUHVROXWLRQRIaQP
the diameter observed by AFM depends on the stylus shape and diameter.23 Since the latter 
varies even for tip of the same kind, the observed diameter is not a reliable measurement.24 
For that reason,  we could not conclude whether the protrusions observed on the micrographs 
corresponded to one or two SAv units. Nevertheless, the amount of SAv observed on the AFM 
PLFURJUDSKVZDVKLJKHUE\DWOHDVWDIDFWRURIaWKDQZKDWZDVGHWHFWHGE\635
 The SbS assembly using BBA2ZDVSHUIRUPHGRQWR WKHDQFKRUHG6$Y WKHVXEVWUDWH
was successively exposed to BBA2 and SAv solutions until four elongation steps of SAv was
Figure 22 Typical AFM topographs of 4 elongation steps of SAv on 0.1‰ BBA-SH SAMs. The AFM topographs 



































were observed, some isolated ones were also present (Fig. 21b). 
 The SbS assembly of SAv using BBA3 FRXOGQRWEHUHFRUGHGLQOLTXLG6WLOO$)0LP-
ages of the dried 0.01% BBA-SH functionalized QCM sensor onto which six elongation steps 
of SAv were recorded (experiment presented in Fig. 10) can be found in Appendix 2. 
,QFRQFOXVLRQ4&0DQG635ZHUHDSSURSULDWHWRROVWRPRQLWRUWKH6E6DVVHPEO\RI
SAv. Through those experiments, the SAM composition permitting unhindered SbS growth  of 
6$YEDVHG QDQRVWUXFWXUHVZDV GHWHUPLQHG&RPSDUHG WR WKHZLGHO\ XVHG%LRW6+3(*6+
SAMs, our tailor-made immobilization platform enabled a much lower surface coverage of SAv 
WREHDFKLHYHG+RZHYHUDFFRUGLQJWRWKH4&0DQG635UHVXOWVWKH%%$6+2(*6+6$0V
failed in anchoring well-distanced SAv units. This is most probably due to the fact that the di-
VXOÀGHIRUPRIWKLRODWHG%%$ZDVXVHGWRSUHSDUHWKHPRQROD\HUV$OWKRXJKERWK4&0DQG
635H[SHULPHQWVUHYHDOHGDOLQHDUJURZWKSURFHVVIRUWKHVWHSZLVHDVVHPEO\RI6$YLQYROYLQJ





lized linear nanoconstructs were successfully imaged but, due to the fragility of the latter, 2 +m 
RUVPDOOHUVFDQQHGDUHDLPDJHVSUHVHQWHGDPL[HGSRSXODWLRQRI LQWDFWDQGGLVUXSWHGÀEULOV
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3. Conclusions and Perspectives
 7KHRUJDQL]DWLRQRIPDWXUH:76$YLQWRZHOOGHÀQHGQDQRVWUXFWXUHVH[WHQGLQJWRWKH
macroscales is a very challenging task. 
 )URPDVHOIDVVHPEO\SRLQWRIYLHZWKHKLJKDIÀQLW\RIELRWLQIRU6$YKd~ 10-14 M) 
prevents self-healing of the nanostructures once they are created.1 To devise a nanolego set 
FRPSRVHGRI6$YOLQHDUMXQFWLRQDFDUHIXOGHVLJQLPSOLHVELRWLQ\ODWHGXQLWVFRQQHFWRUVSUH-
senting a precise positioning of the biotin moities. In addition, the symmetry of the connector 
GHÀQHVWKHPXOWLSOLFLW\RIWKHGHVLJQHGFRQWDFW2DQGWKHUHIRUHWKHÀUVWOHYHORIRUJDQL]DWLRQRI
the nanolegos.  All the data gathered during this work suggest that 1) BBA binds to two cis-re-
ODWHGVLWHVLQ6$YKHQFHIXOÀOOVWKHSUHUHTXLVLWHIRUDFDUHIXOO\GHVLJQHGFRQQHFWRU%%$2  and 
BBA3DUHERWKHIÀFLHQWOLQHDUDQGWULIXUFDWHGMXQFWLRQUHVSHFWLYHO\LQGLUHFWLQJWKHRUJDQL]D-
tion of SAv. Through the self-organization experiments in bulk solution, we have demonstrated 
that SAv combined with a linear connector, BBA2RUWKHDQDORJ>)H%%$WHUS\2@, spontane-
ously assembled into a one-dimensional SAv-based polymer. In the presence of calcium ions, 
WKHVH6$YÀEULOVIRUPEXQGOHVWKDWVHUYHDVDWHPSODWHIRUWKHELRPLQHUDOL]DWLRQRIFDOFLWH
 Although the stoechiometry of binding of BBA3 to SAv (HABA-displacement assays), 
DQGWKH6'63$*(DQDO\VLVRIWKHVHOIRUJDQL]HGVSHFLHVLQEXONVROXWLRQSURYHG%%$3 to be an 
HIIHFWLYHWKUHHZD\MXQFWLRQWKHKLJKHURUGHUQDQRVWUXFWXUHVJHQHUDWHGE\6$YLQWKHSUHVHQFH
of BBA3 remains unresolved. 
 The fact that each monomeric mature WT-SAv presents a hydrophobic tail at the C-ter-
minus, brings the play of self-assembly on a higher level. If further self-assembly experiments 





 7KH6E6 DVVHPEO\ RI6$YXQLWVPRQLWRUHG E\635 DQG4&0SURYHG WKDW WKH FUHD-
WLRQRIZHOOGHÀQHGDQGPRQRGLVSHUVH6$YEDVHGQDQRVWUXFWXUHV LVDFKLHYDEOH7KHFROOHFW-
HGGDWD VXJJHVW WKDW RQPRQROD\HUV SUHSDUHG IURP VROXWLRQV RI%LRW6+DQG2(*6+ZLWK
ƵBiot-SH = 0.01, the immobilized layer of SAv is too dense to enable a regular elongation pro-
cess of SAv using BBA2ƵBiot-SH = 0.001, displacement of the immobilized SAv by BBA3 
RFFXUV 2Q PRQROD\HUV SUHSDUHG E\ VHTXHQWLDO H[SRVLWLRQ WR VROXWLRQV RI %%$66%%$
DQG2(*6+ZLWKƵBBA-SH = 0.001, a near to linear SbS elongation of SAv using BBA2 is 
DFKLHYHZLWKƵBiot-SH OHVVWKDQQJFP
2 of SAv, a near to linear elongation process 




SAMs should be systematically characterized. SAMs prepared from concentrations spanning 
from 0.001% to 1% of BBA-S-S-BBA should be analyzed by contact angle measurements, el-
lipsometry and XPS. 
 )RUDSSOLFDWLRQVWKDWUHTXLUHKLJKO\VHQVLWLYHELRVHQVLQJRUDUUD\HGLQWHUIDFHDQRSWLPDO
probe is one allowing control over the space around each probe individually to both reduce 
probe-probe interactions and maximize the density of probe molecule.3 With the aim of achiev-
ing well-distanced BBA probe units on the SAM, BBA-S-S-BBA could be reduced prior to the 
SAM preparation. In most biosensing applications taking advantage of the biotin-SAv technol-
ogy via biotinylated SAMs on gold, a full monolayer of SAv is used to immobilize the bio-




results suggest that the probes, the thiolated BBA, are on average paired on the monolayer, 
ZHVKRZHGWKDWFRPELQHGZLWKWKHXVHRI635DQG4&0WKH6E6DVVHPEO\RIWKH6$YXVLQJ
100 101
BBA2 and BBA3RQWR%%$6+2(*6+6$0VLVDUHOLDEOHZD\WR´ IHHOµWKHDYDLODEOHYROXPH
VXUURXQGLQJWKHSUREHV,QWKDWVSLULWWKHQDQROHJRVFRXOGÀQGDSSOLFDWLRQVDVDFDOLEUDWLQJWRRO
i.eHDFK%%$6+2(*6+6$0H[SRVLQJDNQRZQDPRXQWRI%%$PRLHWLHVRUKHQFH6$YSHU
surface unit, would be tailor-made to immobilize biomolecules of know volume. The biomolo-
ecule of interest could then be screened against protein/protein or drug/protein interactions for 
LQVWDQFHZLWKRXWVWHULFLVVXHVEOXUULQJWKHDFTXLUHGGDWD
 Another possible avenue to investigate would consist in conferring some functionality 
to the system. Once a low concentration of well-distanced SAv would be immobilized, BBA-S-
S-BBA could be introduced in the SbS assembly. A reducing agent would then act as a trigger 
to liberate the size controlled and monodisperse nanostructures. 
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4 Materials and Methods
4.1 Materials and Reagents
Solvents and reagents were of analytical grade and were purchased from Aldrich, Fluka or 
$FURVDQGXVHGZLWKRXWIXUWKHUSXULÀFDWLRQ7KHWKLROVXVHGIRUWKH6$0VIRUPDWLRQH[SHUL-
PHQWVZHUHSXUFKDVHG IURP$VHPEORQ ,QF 86$RU$OGULFK:DWHUZDVSXULÀHG WRPLOOL4
degree of purity. Streptavidin wild-type was prepared by the team of biologists in our laboratory 
according to published results.  
4.2 Instruments and Methods
Nuclear Magnetic Resonance (NMR)




Liquid chromatography (RP-HPLC) 
+3/&VHSDUDWLRQRIELRWLQGHULYDWLYHVZHUHREWDLQHGRQD:DWHUV$QDO\WLF53+3/&FKURPD-
WRJUDPVZHUHDFTXLUHGDQGDQDO\]HGRQDQ$JLOHQW6HULHV+3/&V\VWHPHTXLSSHGZLWKD





WLRQDWDÁRZUDWHRIP/PLQ7KHVROYHQWV$&10H2++2O) and additives (TFA) utilized 
were of HPLC-grade.
106




tion and treatment. 
Self-Assembly from Bulk Solution Experiments




(DFK UXQQLQJJHOZDV SUHSDUHGE\PL[LQJ D DFU\ODPLGHELVDFU\ODPLGH VROXWLRQZLWK D
07ULVS+VROXWLRQDQGWKH6'6VROXWLRQLQPLOOL4ZDWHU$IWHUWKHDGGLWLRQRID
DPPRQLXPSHUVXOIDWH$36VROXWLRQDQG7(0('WKHVROXWLRQZDVEULHÁ\PL[HGEHIRUH





Solution components  6% Acrylamide 8% Acrylamide
H2O 7.9 6.9
30% Acrylamide solution 3.0 4.0
07ULVS+ 3.8 3.8


















also loaded. The gel was then allowed to run at 120 V using the powerpac HC TM (Biorad) until 
bromophenol blue present in the loading buffer reached the end of the gel. To reveal the bands 







Scanning Electron Microscopy  (SEM) Experiments
$GURSƫ/RIWKHVROXWLRQSUHSDUHGDVGHVFULEHGDERYHZDVGHSRVLWHGRQWRDFDUERQDGKH-




Transmisson Electron Microscopy (TEM) Experiments
$GURSƫ/RIWKHVROXWLRQSUHSDUHGDVGHVFULEHGDERYHZDVSODFHGRQPHVKFDUERQ
FRDWHGFRSSHUJULGVDQGDOORZHGWRDGKHUHIRUWRPLQ7KHH[FHVVVROXWLRQZDVWKHQEORWWHG




Atomic Force Microscopy (AFM) Experiments
6HOIDVVHPEO\IURPEXONVROXWLRQ+L of the solution as described above was deposited onto 
IUHVKO\FOHDYHG+23*VXUIDFHVDOORZHGWRDGVRUEGXULQJPLQIROORZHGE\ULQVLQJZLWKZD-




at a scan rate of 1 Hz. 
6WHSE\6WHS DVVHPEO\RI6$Y WKH VDPSOHV DV GHVFULEHGEHORZZHUH LPPHUVHG LQ LPDJLQJ
EXIIHUP03%6S+P0.&O$)0LPDJLQJZDVSHUIRUPHGLQRVFLOODWLRQPRGH
using a Nanoscope III (Di-Veeco, Santa Barbara, CA) and Si3N4 cantilevers (NPS series, Di-
9HHFRH[KLELWLQJVSULQJFRQVWDQWVRIa1PDWUHVRQDQFHIUHTXHQFLHVLQEXIIHURIWR




bation in thiol solutions. To prepare 1% BBA-SH SAMs by coadsorption method we proceeded 
DVIROORZWKHJROGVXUIDFHVZHUHLPPHUVHGLQDIUHVKO\SUHSDUHGDQGGHJDVVHGHWKDQROLFVROX-






before proceeding to the XPS experiments.
*ROGFRDWHG4&0'46HQVH$%6ZHGHQDQG6356,$.LW$X*(+HDOWKFDUH*HUPDQ\
VHQVRUVZHUHFOHDQHGLQDVROXWLRQRIZDWHUDPPRQLDDQGK\GURJHQSHUR[LGH






were rinsed in ethanol and blown dried with nitrogen before proceeding to the SPR and QCM-C 
experiments.
7KHPLFDJROGLQWHUIDFHVXVHGIRUWKH$)0H[SHULPHQWVLQOLTXLGZHUHFOHDYHGPDQXDOO\DQG
immediately immersed in a BBA-S-S-BBA solution (8.7 +/RIDƸ-6 M solution in DMF 
GLOXWHGZLWKP/RIGHJDVVHG(W2+GXULQJPLQXWHVIROORZHGE\LQFXEDWLRQLQP/RI
DGHJDVVHGHWKDQROLFVROXWLRQRI2(*6+P/RIDP0VWRFNVROXWLRQLQ(W2+IRUD
SHULRGRIK. #e surface was then rinsed with ethanol before being blown dried with nitrogen. 














Step-by-Step assembly of SAv
7KHVDPSOHVIRUWKH$)0PHDVXUHPHQWVLQOLTXLGZHUHSUHSDUHGDVIROORZDGURS+L) of 
Sav 8 +0LQ+%6P0S+ 01D&OZDVGHSRVLWHGRQWRWKHIUHVKO\SUHSDUHG
%%$6+6$0DQGDOORZHGWRDGVRUEIRUK$IWHUZDVKLQJ[+%67:((1
DQG[+L HBS), a drop (100 +L) of  BBA2 2 +M in HBS (100 +0S+ 0
1D&OZDVGHSRVLWHGRQWR WKHVDPSOHDQG OHIW WRDGVRUE IRUK $IWHUZDVKLQJ +%6[
100+L HBS)  the substrate was introduced in a SAv solution  as described above, and the pro-












den). The experiments were conducted at 22$&XVLQJDÁRZUDWHRIƫ/PLQVWDWHGLIRWKHU-
ZLVH7KHLQMHFWHGYROXPHZDVƫ/PHQWLRQHGLIRWKHUZLVH6XEVWUDWHV6,$.LW$XZHUH
IURP*(+HDOWKFDUH+%630+(3(6S+01D&OYYVXUIDFWDQW3




4.3.1 N-(8-Amino-3,6-dioxaoctanyl)biotinamide (6) 
 
 
Biotin (3.0 g, 12.3!10-3 mol, 1 eq.) was dissolved in hot dry DMF (75 mL) and the 
solution was cooled to room temperature. PFP (2.9 g, 16.0!10-3 mol, 1.3 eq.) and DCC 
(3.7 g, 17.8!10-3 mol, 1.5 eq.) were then added, and the mixture was stirred at 60ºC 
during 1 hour and at room temperature for 3 more hours. The DCU that precipitated 
was filtered off. The next reaction step was carried on without further purification of 
the PFP ester. The biotin-PFP solution was added drop by drop to a solution of 2,2-
ethylenedioxy)diethylamine (19.2 g, 0.13 mol, 10 eq.) and Et3N (2.9 ml, 0.02 !10-3 
mol) dissolved in 200 mL of DMF. The reaction mixture was stirred at room 
temperature during 5 hours, and the solvent was removed under reduced pressure. The 
resulting oil was triturated in 450 mL of Et2O and filtered to give a white solid. The 
crude product was purified on a silica gel column, eluting with MeOH/ EtOAc (8/2) 
to give 2.26 g (49%) of 6 as a beige waxy solid. 
 
 
Rf (MeOH/AcEt 6:1) = 0.15 
1H-RMN (400 MHz, CD3OD) "H (ppm): 4.50 (ddd, 3J(4-3)=7.9 Hz, 3J(4-5A)=5.0 Hz, 
1H, H4), 4.31 (dd, 3J(3-4)=7.9 Hz, 3J(3-2)=5.0 Hz, 1H, H3), 3.63 (m,  4H, CH2 PEG, H15 

















H2N O O NH2
6
 DMF, RT, 5h
2.
C16H30N4O4S



























3)=4.4 Hz, 3J(2-6b)=5.8 Hz, 3J(2-6a)=9.0 Hz, 1H, H2), 2.93 (dd, 3J(5A-5B)=12.8, 3J(5A-
4)=5.0, 1H, H ), 2.79 (t, 2H, H19), 2.71 (d, 3J(5A-5B)=12.8 Hz, 1H, H ), 2.22 (t, 
3J(9-8)=7.4 Hz, 2H, H9), 1.67 (m, 4H, H8 & H6), 1.44 (m, 2H, H7). 
13C-RMN (100 MHz, CD3OD) "C (ppm): 176.1 (C10), 166.1 (C2’), 73.4 (CEG, C17), 71.3 
(CEG, C15 & C16), 70.6 (CEG, C13), 63.4 (C3), 61.6 (C4), 57.0 (C2), 42.0 (C19), 41.1 (C12), 
40.3 (C5), 36.7 (C9), 29.8 (C7), 29.5 (C6), 26.9 (C8). 
MS (ESI): m/z (I %): 375.3 [M+H]+ (100%). 
 
4.3.2 5-(tert-Butoxycarbonylamino)isophthalic acid (7) 
 
 
To a solution of 3 (25.3 g, 0.14 mol, 1 eq.) and NaOH (12.3 g, 0.30 mol, 2.1 eq.) in 
DMF/H2O 1:1 at 0°C, di-tert-butyl dicarbonate (32.1 g, 0.15 mol, 1.1 eq) was added. 
The reaction was allowed to come to room temperature and was stirred for 20 h 
before HCl 3M (110 mL) was added. The solution was diluted with water (110 mL) 
and the resulting precipitate was collected, washed with water and dried to yield 34.3 
g (87%) of 7 as a white solid. 
!


















DMF/H2O 1:1, NaOH, Boc2O, 0°C ! RT, 1h
87%
C13H15NO6














1H-RMN (400 MHz, DMSO) "H (ppm): 8.65 (t, 1H, mJ=1.5 Hz, Ha), 8.54 (d, 2H, 
mJ=1.5 Hz, Hc ), 6.91 (s, 1H, N-H), 1.55 (s, 9H, t-But.) 
13C-NMR (400 MHz, DMSO) "C (ppm): 167.4 ( C1), 153.6 ( Ce), 141.1 (Cd) , 132.5 
(Cb),  124.4 (Ca) , 123.4 (Cc), 50.6 ( Cquat., t-But), 28.9 (CH3, t-But). 
MS (ESI): m/z (I %): 561.3 [2M-H]- (100%), 280.5 [M-H]- (11%) 
 




To a solution of 7 (2.0 g, 7.1!10-3 mol, 1 eq.) in dry DMF (80 mL), PFP (2.84 g, 
15.4!10-3 mol, 2.2) and DCC (2.2 g, 15.6!10-3 mol, 2.2) were added. The reaction was 
stirred at ambient temperature for 14h and the DMF was removed under vacuum. The 
crude product was purified by chromatography on silica gel eluting with CH2Cl2 to 
provide 3.79 g (87%) of 8 as a white solid.  
Rf (CH2Cl2/AcOEt 1:1) = 0.25 
1H-NMR (400 MHz, CDCl3) "H (ppm): 8.65 (t, 1H, mJ=1.5 Hz, Ha), 8.54 (d, 2H, 
mJ=1.5 Hz, Hc ), 6.91 (s, 1H, N-H), 1.55 (s, 9H, t-But.). 
13C-NMR (400 MHz, CDCl3, 298 K) "C (ppm): 161.7 (C1), 152.4 (Ce), 140.4 (Cd), 
129.0 (Cb), 126.9 (Ca), 125.54 (Cc), 77.43 (Cquat., t-But),  28.5 (CH3, t-But). 
























































3J = 21.7 Hz, 1F, F6), -162.97 (dd, 3J =21.7 Hz, 3J =17.3 Hz, 2F, F5). 
MS (APCI): m/z (I %): 648 [M-H+2H2O]- (100%) 
 




To a solution of 6 (2.15 g, 5.7!10-3 mol, 8 eq.) and Et3N (0.5 mL, 3.6!10-3 mol, 5 eq.) 
in DMF (15 mL), a solution of 8 (0.44 g, 0.72!10-3 mol, 1 eq.) in DMF* (20 mL) was 
added drop by drop over a 1h period. The mixture was stirred at ambient temperature 
overnight and the volatiles were removed under vacuum. The remaining solid was 
purified: a) by chromatography on silica gel with a gradient elution (MeOH/EtOAc 
0:100#40:60), to yield 4.02 g (71%) of 9 as a white hygroscopic solid; b) by 
preparative RP-HPLC on a C18 column (40 mm x 150 mm, 10 µm; µ-Bondapak) with 
a gradient elution (CH3CN/H2O 25:75#55:45 in 18 min) at a flow rate of 80 mL/min 




Rf (MeOH/AcEt 1:1) = 0.25 
1H-RMN (400 MHz, CD3OD) "C (ppm): 8.05 (d, mJ=1.5 Hz, 2H, Hc), 7.92 (t, mJ=1.5 





















































































Hz, 3J(3-2)= 4.4Hz, 2H, H3), 3.71-3.62 (m, 12H, CH2(EG), H18 & H15 & H16), 3.60 
(t,3J=5.4,  8H, CH2(EG), H19), 3.56 (t, 3J=5.5, 4H, CH2(EG), H13), 3.36 (t, 4H,3J=5.4 Hz, 
CH2(EG), H12), 3.19 (m, 3J(2-3)=4.4 Hz, 2H, H2), 2.93 (dd, 3J(5A-5B)=12.7, 3J(5A-4)=5.0, 
2H, H ), 2.71 (d, 3J(5A-5B)=12.7 Hz, 2H, H ), 2.19 (t, 3J(9-8)=7.4 Hz, 4H, H9), 
1.67 (m, 8H, H8 & H6), 1.55 (s, 9H, t-But), 1.42 (m, 4H, H7). 
13C-RMN (100 MHz, CD3OD) "C (ppm): 175.1 (C10), 168.5 (C21), 165.1 (C3’), 154.0 
(Ccarbonyl t-But), 140.5 (Cd), 135.9 (Cb), 120.2 (CHaromatic), 120.0 (CHaromatic), 80.1 (Cquat. t-
But), 70.4 (CEG, C15 & C16), 69.6 (CEG, C13), 69.5 (CEG, C18), 62.3 (C3), 60.6 (C4), 56.0 
(C2), 40.1 (C5), 40.0 (C19), 39.3 (C12), 35.8 (C9), 28.7 (C7), 28.5 (C6), 27.7 (CH3 t-But), 
25.8 (C8). 
MS (ESI): m/z (I %): 1016.5 [M+Na]+ (100%) 
HPLC-ESI-MS (µ-Bondapak, 4x250 mm, CH3CN:H2O (0.1% TFA) 20:80#35:65 in 
20 min, flow 0.4 mL/min, DAD (225 and 254 nm), T=25°C) Rt= 20.5 min; m/z 994.9 
([M+H+]+), 1016.7 ([M+Na+]+). 
 





To a solution of 3,6,9-trioxaundecanedioic acid (5.0 g, 23!10-3 mol, 1 eq.) in CH2Cl2 
(75 mL), PFP (9.5 g, 52!10-3 mol, 2.3 eq) was added followed by EDC (10.5 g, 54!10-3 
mol, 2.2 eq.). The reaction was stirred overnight at room temperature and the solvent 
was removed under vacuum. The thick oily mass was extracted with Et2O (3x50 mL),  
the combined Et2O fractions were washed with NaHCO3(sat.) solution (3x15 mL) and 
water (2x10 mL) before being dried over Na2SO4. The volatiles were removed under 
reduced pressure and the residual oil was purified by chromatography on silica gel 

































Rf (Et2O/Hex. 1:1) = 0.23 
1H-RMN (400 MHz, DMSO-d6) "H (ppm): 4.66 (s, 4H, H2), 3.73-3.57 (m, 8H, H3 & 
H4). 
13C-NMR (101 MHz, DMSO-d6) "F (ppm): 167.9 (C1), 142-137 (Ca, Cb, Cc, C), 
126.9 (Ca), 125.5 (Cc), 71.1 (CH2 EG, C3 or C4), 71.2 (CH2 EG, C3 or C4), 61.8  
(C2). 
19F-RMN (376 MHz, DMSO-d6) "F (ppm): -153.0 (d, 3J = 19.0 Hz, 2F, F4),  -157.8 (t, 
3J = 23.0 Hz, 1F, F6), -162.4 (dd, 3J =23.0 Hz, 3J =19.0 Hz, 2F, F5) 
 




A solution of 5-amino isophthalic acid (1.25 g, 6.9!10-3 mol) in EtOH (15 mL) was 
refluxed in the presence of 0,5 mL of concentrated H2SO4 during 20h. The solution 
was poured in an excess of bicarbonate solution, and the product was extracted with 
Et2O (3$10 mL). The organic layer was washed with water (10 mL) and dried over 
Na2SO4 before Et2O was removed under vacuum. The obtained white solid was 
































Rf (MeOH/EtOAc 1:1) = 0.65 
1H-RMN (400 MHz, CDCl3) "H (ppm): 8.05 (t, mJ=1.4 Hz, 1H, Ha), 7.71 (d, mJ=1.4 
Hz, 2H, Hc), 4.37 (q, 3J(3-4)=7.1 Hz, 4H, H3), 1.40 (t, 3J(4-3)=7.1 Hz, 6H, H4).  
13C-RMN (400 MHz, CDCl3, 298 K) "H (ppm): 166.5 (C1), 147.1 (Cd), 132.2  (Cb), 
121.0 (Ca), 120.1 (Cc), 61.6 (C3), 14.7 (C4). 
MS (ESI): m/z (I %): 238.1 [M+H]+ (100%) 
 










To a solution 11 (0.27 g, 1.14!10-3 mol, 2.1 eq.) and Et3N (0.15 mL) in DMF* (25 
mL), PFP diester 10 (0.3 g, 0.54!10-3 mol, 1 eq.) was added and the reaction was left 
under magnetic stirring at room temperature during 6 h before the volatiles were 
removed under vacuum. The residue was dissolved in a minimal amount of EtOAc 
followed by the addition of hexane until precipitation of a beige solid which was 










































Rf (MeOH/EtOAc (1:1) = 0.33 
1H-RMN (400 MHz, CDCl3) "H (ppm): 8.94 (s, 2H, N-H), 8.37 (t, mJ=1.4 Hz, 2H, 
Ha), 8.35 (mJ=1.4 Hz, 4H, Hc), 4.39 (q, 3J(3-4)=7.1 Hz, 8H, H3), 4.15 (s, 4H, Hg), 3.89 
(m, 8H, Hi & Hj), 1.40 (t, 3J(4-3)=7.1 Hz, 12H, H4). 
13C-RMN (100 MHz, CDCl3) "C (ppm): 168.3 (Cf), 166.1 (C1), 137.7 (Cd), 131.6 (Cb), 
126.3 (Cc), 124.6 (Ca), 70.8 (CEG), 70.2 (Cg), 70.1 (CEG), 61.5 (C3), 14.3 (C4).  
MS (ESI): m/z (I %): 683.3 [M+Na]+ (100%) 
 





In a 5 mL round-bottom flask, compound 9 (20.6 mg, 0.02!10-3 mol, 1 eq.) was 
dissolved in of TFA (0.08 mL, 1.0!10-3 mol, 50 eq.)   and the inner wall of the flask 
was rinsed with CH2Cl2 (1.0 mL). The reaction was allowed to stir for 45 min and the 
volatiles were removed under reduced pressure. The residue was dissolved in a 
minimal amount of MeOH, and an excess of Et3N (0.2 mL, 1.4!10-3 mol, 70 eq.) was 
added. The mixture was stirred for 10 min and the excess Et3N and solvent were 



























































To a solution of 3,6,9-trioxaundecanedioic acid (9 mg, 42 µmol, 1 eq.) in DMF* (2.5 
mL), CDMT (16 mg, 93  µmol, 2.2 eq.) and N-methylmorpholine (23 mg, 232 µmol, 
5.4 eq.) were added. The solution was stirred at room temperature during 45 minutes 
before aromatic amine 1 (83 mg, 93 µmol, 2.2 eq.) was added. The reaction was 
stirred at 60°C during 24h and the solvent was removed under vacuum. The crude 
product was purified by chromatography on a silica gel column eluting with 
MeOH/CHCl3 (4:1) to yield 27 mg (15%) of 2 as a brown solid.  
 
Method B’ 
Coumpound 1 (83 mg, 83 µmol) was dissolved in dry DMF (6.0 mL) and Et3N (83 
mg, 83 µmol) was added. To this solution, a solution of of PFP diester 10 (22 mg, 40 
µmol) in DMF* (3.0 mL) was added dropwise over a period of 15 min and reaction 
was stirred at 60°C during 24h. Volatiles were removed under vacuum and the crude 
product was purified by chromatography on silica gel eluting with MeOH/CHCl3, 4:1 





Rf (MeOH/CHCl3 4:1) = 0.23 
1H-RMN (400 MHz, MeOH-d4) "H (ppm): 8.26 (d, mJ=1.5 Hz, 2H, CHaromatic, Hc), 
8.05 (t, mJ=1.5 Hz, 1H,CHaromatic, Ha), 4.48 (dd, 3J(4-3)=7.8 Hz, 3J(4-5A)=4.4 Hz, 2H, 


















































3.58  (m, 20H, CH2 EG), 3.55 (m, 4H, CH2 EG), 3.35 (m, 4H, CH2 EG, H12), 3.21 (m, 2H, 
H2), 2.91 (dd, 3J(5A-5B=12.7, 3J(5A-4)=4.9, 2H, H ), 2.69 (d, 3J(5A-5B)=12.7 Hz, 2H, 
H ), 2.17 (t, 3J(9-8)=7.4 Hz, 4H, H9), 1.73-1.51 (m, 8H, H8 & H6), 1.38 (m, 4H, H7). 
13C-RMN (100 MHz, CD3OD) "C (ppm): 175.0 (C10), 170.0 (Cf), 167.8 (C21), 164.7 
(C2’), 138.3 (Cd), 135.6 (Cb), 121.8 (Cc), 121.5 (Ca), 69.9 (6 C, CH2 EG, Cg, Ci, Cj, C15 & 
C16)), 69.2 (CH2 EG, C13), 69.1 (CH2 EG, C18), 62.0 (C3), 60.2 (C4), 55.6 (C2), 39.7 (2 C, 
C19 & C5), 38.9 (C12), 35.3 (C9), 28.3 (C7), 28.1 (C6), 25.5 (C8). 
MS (ESI): m/z (I %): 1996.9 [M+Na]+ (100%) 
 







2,2-ethylenedioxy)diethylamine (12.6 g, 85 mmol, 1.5 eq.) was stirred with 
diisopropylethylamine (4.8 mL, 28 mmol, 0.5 eq.) in CH2Cl2 (50 mL), then di-tert-
butyl dicarbonate (6.1 g, 28 mmol, 0.5 eq.) in CH2Cl2 (50 mL) was added drop by 
drop over 2 hours. The mixture was stirred during 3h at room temperature and the 
solvent was evaporated under vacuum. The residue was purified by chromatography 




Rf  (EtOH/AcOEt/Et3N 5:4:1) = 0.31 
1H-RMN (400 MHz, CDCl3) "H (ppm): 5.19 (sl, 1H, NH), 3.60 - 3.56 (m, 4H, CH2 EG, 
H6  & H7), 3.51 (t, 2H, CH2 EG, H4), 3.49-3.47 (m, 2H, CH2 EG, H9 ), 3.31-3.25 (m, 
2H,CH2 EG, H3), 2.84 (t, J = 5.2 Hz, 3H,CH2 EG, H10), 1.66 (bs, 2H, NH2), 1.40 (s, 9H, t-
But). 
13C NMR (101 MHz, CDCl3) "C (ppm): 156.0 (C1), 79.1 (Cquat t-But), 73.4 (CH2 EG, 






































To a solution of trimesylchloride (1.6 g, 5.6·10-3 mol, 1 eq.) in 70 mL CH2Cl2 at 0˚C 
were added 14 (4.2 g, 17·10-3 mol, 3 eq.) and Et3N (8.0 g, 79·10-3 mol, 10 eq.) in 12 
mL CH2Cl2. After stirring for 15h at room temperature, the orange colored solution 
was washed with H2O (4 x 20 mL) and dried over Na2SO4 before removing volatiles 
under reduced pressure. The residue was purified by column chromatography on 
silica gel eluting with CH2Cl2 (200 mL), then CH2Cl2/MeOH 99:1 to yield 2.8 g 






1H NMR (400 MHz, MeOH-d4) !H (ppm): 8.43 (s, 3H, HCaromatiq), 3.72 – 3.56 (m, 
24H, CH2 EG, H3, H4, H6 & H7), 3.51 (t, J = 5.6 Hz, 6H, H9), 3.20 (t, J = 5.6 Hz, 6H, 
H10), 1.40 (s, 27H, CH3 t-But). 
13C NMR (126 MHz, MeOH-d4) !C (ppm): 168.7 (C1), 158.4 (C12), 136.6 (Cb), 130.0 
(Ca), 80.1 (Cquat t-But), 71.3 (2 x CH2 EG, C6 & C7), 71.1 (C9), 70.5 (C4), 41.2 (C3), 41.1 
(C10), 28.8 (CH3 t-But). 
































































Trifluoroacetic acid (11.6 g, 0.10 mol, 40 eq.) was added to a solution of 15 (2.3 g, 
2.5·10-3 mol, 1 eq.) in 20 mL CH2Cl2. The mixture was stirred for 2h at room 
temperature and the volatile materials were removed under reduced pressure. The 
residue was dissolved in CH3CN/DMF (10:1) and succinic anhydride (1.3g, 13·10-3 
mol, 5 eq.) was added. After stirring at 40˚C for 14h, the solvent was evaporated 
under reduced pressure. The residue was purified by column chromatography on 
silica gel eluting with CH2Cl2/MeOH/NH3 75:20:5 to yield 1.4 g (62%) of 17 as a 




1H NMR (400 MHz, MeOH-d4) !H (ppm): 8.43 (s, 3H, Ha), 3.74 – 3.57 (m, 24H, CH 
EG, H3, H4, H6 & H7), 3.53 (t, 3J = 5.6 Hz, 6H, H9), 3.52-3.32 (m, 6H, H10), 2.53-2.48 
(m, 2H, H14), 2.47-2.41 (m, 2H, H13) 
13C NMR (126 MHz, MeOH-d4) !C (ppm): 178.1 (C15), 175.2 (C12), 168.7 (C1), 136.6 
(Cb), 130.0 (Ca), 71.3 (CH2 EG, C6 & C7), 70.6 (C9), 70.5 (C4), 41.2 (C3), 40.3 (C10), 32.5 
(C13), 32.1 (C14) 


















































































Succinic anhydride (85 mg, 0.85 mmol, 1.1 eq.) was added to a solution of 15 (0.22 g, 
0.744 mmol, 1 eq.) in CH3CN (10 mL). The mixture was stirred during 12h at 40°C 
and the CH3CN was evaporated under vacuum. The remaining oil was purified by 
chromatography on silica gel eluting with CH2Cl2/MeOH 9:1 to afford 0.260 g (97%) 





Rf  (CH2Cl2/MeOH, 9:1) = 0.4 
1H NMR (400 MHz, CDCl3) "H (ppm): 7.45 (s, 1H, NH), 6.91 (s, 1H, NH), 3.63-3.59 
(m, 4H, CH2 PEG, H9 & H10), 3.57-3.51 (m, 4H, CH2 PEG, H7 & H12), 3.47-3.42 (m, 2H, 
CH2NH, H6), 3.34 – 3.29 (m, 2H, CH2NH, H13), 2.69 – 2.63 (m, 2H, 
O=CCH2CH2C=O, H2), 2.54 – 2.46 (m, 2H, O=CCH2CH2C=O, H3), 1.45 (s, 9H, CH3 
t-But). 
13C NMR (101 MHz, CDCl3) "C (ppm): 177.5 (C1), 173.0 (C4), 158.0 (C15), 81.1 (Cquat 
t-But), 70.3 (2 x CH2 EG, C9 & C10), 70.2 (CH2 EG, C12), 69.6 (CH2 EG, C7), 41.6 (C13), 
39.3 (C6), 31.4 (C3), 30.3 (C2), 28.4 (CH3 t-But). 






























































To a solution of 18 (0.177 g, 0.51·10-3 mol, 3.25 eq.) in DMF (6 mL), CDMT (0.098 
g, 0.56·10-3 mol, 3.6 eq.) and NMM (0.17 mL, 1.5·10-3 mol, 9.8 eq) were added. After 
15 min of stirring at room temperature, amino-biotin dimer 1 (0.143 g, 0.16·10-3 mol, 
1 eq.) was added. The solution was stirred during 16h at 50°C and the DMF was 
evaporated under vacuum. The remaining oil was purified by chromatography (to 
yield 0.123 g (64%) of 19 as a white foam. 
 
 
Rf  (EtOH/AcOEt/ Et3N 5:4:1) = 0.31 
1H NMR (400 MHz, MeOH-d4) ! = 8.16 (d, mJ=1.4 Hz, 2H, CHaromatic, Hc), 7.97 (t, 
mJ=1.4 Hz, 1H, CHaromatic, Ha), 4.47 (dd, 3J(4-3)=7.8 Hz, 3J(4-5A)=4.9 Hz, 2H, H4), 4.27 
(dd, 3J(3-4)=7.8 Hz, 3J(3-2)=4.4 Hz, 4H, H3), 3.74 – 3.46 (m, 28H, CH2 EG), 3.40-3.32 
(m, 6H, CH2 EG), 3.21 (m, J=5.7, 2H, Hr), 3.19 – 3.13 (m, 2H, H2), 2.90 (dd, J=5.0, 
























































































O=CCH2CH2C=O), 2.17 (t, J=7.4, 2H, H9), 1.75 – 1.49 (m, 8H, H6 and H8), 1.47 – 
1.33 (m, 13H, H6 and CHtBut) 
13C NMR (101 MHz, MeOH) ! = 175.04 ( C10), 173.61 (Cf), 172.23 (Ci), 168.17 
(C21), 164.43 (C3’), 156.4 (Ct), 139.7 (Cd) , 135.9 (Cb), 121.6 (Cc), 121.2 (Ca), 79.1 
(Ctert-boc), 70.4 (CH2 EG, Cn, Co, C15 & C16), 70.3 (O=CNHCH2CH2 EG), 70.1 
(O=CNHCH2CH2O), 69.7 (O=CNHCH2CH2O), 69.55 (O=CNHCH2CH2O), 62.4 (C3), 
60.6 (C4), 56.0 (C2), 40.3 (OCH2CH2NH), 40.1 (2 x OCH2CH2NH), 39.5 
(OCH2CH2NH), 39.3 (OCH2CH2NH), 35.8 (C9), 31.9 (CH2CH2C=O), 30.6 
(CH2CH2C=O), 28.8 (C7), 28.5 (C6), 27.9 (CH3 t-But), 25.9 (C8). 








To a solution of 17 (26.8 mg, 30·10-6 mol, 1 eq.) in DMF (3 mL), CDMT (18.3 mg, 
0.1·10-3 mol, 3.5 eq.) and NMM (29 µL, 0.26·10-3 mol, 9 eq) were added. After 30 
min of stirring at room temperature, amino-biotin dimer 1 (92 mg, 0.1·10-3 mol, 3.5 
eq.) dissolved in DMF (3 mL) was added. The mixture was stirred during 30h at 50°C 



























































CDMT, NMM, 1, 
DMF, 50°C, 30h
19, Et3N,









chromatography on silica gel eluting with CH2Cl2/MeOH/NH3 75:20:5 to yield 8 mg 




In a 5 mL round bottom flask, 19 (0.088 g, 7.2·10-6 mol, 3.3 eq.) was dissolved in 
TFA (0.16 mL, 2.16·10-3 mol, 30 eq.) and the inner wall of the flask was rinsed with 
CH2Cl2 (1 mL). The solution was stirred at room temperature during 1h and the TFA 
was evaporated under reduced pressure. The deprotected amino compound was 
dissolved in a mixture of DMF (0.5 mL) and CHCl3 (2.5 mL), Et3N (11 µL, 7.9·10-5 
mol, 1.1 eq.) was added and the solution was cooled to 0°C. A solution of 1,3,5-
tris(chlorocarbonyl)-benzene (5.7 mg, 21.6·10-6 mol, 1 eq.) in CHCl3 (0.5 mL) was 
added dropwise to the amine solution at 0°C, and the temperature was brought to 
room temperature. The solution was stirred a room temperature during 30 h and the 
volatiles were evaporated under reduced pressure. The residue was purified by 
chromatography on silica gel eluting with CH2Cl2/MeOH/NH3 15:4:1 to yield 9 mg 




Rf  (CH2Cl2/MeOH/ NH3 aq. 15:4:1) = 0.15 
1H NMR (600 MHz, MeOH-d4) ! = 8.39 (s, 1H, CHaromatic, Hu), 8.10 (d, mJ=1.4 Hz, 
2H, CHaromatic, Hc), 7.94 (t, mJ=1.4 Hz, 1H, CHaromatic, Ha), 4.47 (dd, 2H, H4), 4.27 (dd, 




























































(dt, J=5.7, 4H, H2), 2.89 (dd, 2H, H ), 2.69 (d, 2H, H ), 2.67 (t, 2H, 
O=CCH2CH2C=O), 2.56 (t, 2H, O=CCH2CH2C=O), 2.16 (t, 4H, H9), 1.73-1.50 (m, 
8H, H8 & H6), 1.42-1.33 (m, 4H, H7). 








A solution of trimesoyl chloride (0.200 g., 0.753 mmol) in CH2Cl2 (5 mL) was added 
to 11-azide-3,6,9-trioxaundecan-1-amine (0.8 g, 3.67 mmol) and N,N-
diisopropylethylamine (0.5 g, 3.87 mmol) in CH2Cl2 (5 mL) under magnetic stirring at 
0°C. After stirring overnight at room temperature, the mixture was washed with H2O 
(30 mL x 5). The organic phase was separated and the aqueous phase was extracted 
with CH2Cl2. The organic phase was collected, dried over sodium sulfate and 
evaporated under reduced pressure. The residue was purified by column 
chromatography on silica gel eluting with CH2Cl2/MeOH/NH3 75:20:5 to yield 1.4 g 
(62%) of 20 as a white hygroscopic solid.  
 
Rf  (CH2Cl2/MeOH 20:1) = 0.2 
1H-RMN (400 MHz, CDCl3, 298 K) "H (ppm): 8.42 (s, 3H, HCaromatiq), 3.81 - 3.64 (m, 
14H, CH2 EG), 3.40-3.34 (m, 2H, CH2 EG). 
13C NMR (101 MHz, CDCl3, 298 K) "H (ppm): 166.3 (C=O), 135.6 (Caromatiq), 128.8 
(CHaromatiq), 71.0 (3 x CH2 EG), 70.7 (CH2 EG), 70.4 (CH2 EG), 70.1 (CH2 EG), 51.0 (CH2 
EG), 40.6 (CH2 EG). 





















DIPEA, CH2Cl2, 0°C!RT, 12h
53%













To a solution of 1 (356 mg, 0.398 mmol) in DMF (1,0 mL), propiolic acid (85.8 mg, 
1.20 mmol) and EEDQ (320 mg, 1.3 mmol) dissolved in DMF (0.5 mL) were added. 
The mixture was left under magnetic stirring at room temperature for 2 days before 
removing the volatiles under reduced pressure. The residue was purified by column 
chromatography on silica gel eluting with CH2Cl2/MeOH/NH3(aq.) 15:4:1 to yield 184 
mg (49%) of 21 as a white waxy solid.  
 
 
Rf (CH2Cl2/MeOH/NH3 (aq.) 15:4:1) = 0.35 
 
1H-RMN (400 MHz, CD3OD, 298 K): !H (ppm) = 8.05 (d, mJ=1.5 Hz, 2H, Hc), 7.92 
(t, mJ=1.5 Hz, 1H, Ha), 4.50 (dd, 3J(4-3)=7.9 Hz, 3J(4-5A)=5.0 Hz, 2H, H4), 4.30 (dd, 
3J(3-4)=7.9 Hz, 3J(3-2)=4.4Hz, 2H, H3), 3.83 (s, 1H, Hh), 3.71-3.62 (m, 12H, CH2(EG), 
H18 & H15 & H16), 3.60 (t,3J=5.4,  8H, CH2(EG), H19), 3.56 (t, 3J=5.5, 4H, CH2(EG), H13), 















































































5B)=12.7, 3J(5A-4)=5.0, 2H, H ), 2.71 (d, 3J(5A-5B)=12.7 Hz, 2H, H ), 2.19 (t, 3J(9-
8)=7.4 Hz, 4H, H9), 1.67 (m, 8H, H8 & H6), 1.42 (m, 4H, H7). 
MS (ESI): m/z (I %): 968.4 [M+Na+]+ (100%), 946.4 [M+H+]+ (32%) 
 




In a 5 mL round bottom flask under N2 atmosphere, triazide (9.7 mg, 0.012 mmol), 
alcyne (41 mg, 0.043 mmol) and DIPEA (13 mg, 0.10 mmol) were dissolved in DMF 
(0.8 mL).  A solution of CuSO4 (1.2 mg, 7.2 mmol) and sodium ascorbate (2.9 mg, 14 
mmol) in H2O (0.2 mL) was added and the mixture was stirred at room temperature 
overnight. The solvent was removed under reduced pressure and the residue was 
purified by column chromatography on SiO2 eluting with CH2Cl2/MeOH/NH3 (aq.) 
75:20:1 to yield 37 mg (84%) of BBA3-2 (13) as a brown waxy solid.  
 


























































21, DIPEA, CuSO4, sodium ascorbate,





















1H NMR (400 MHz, methanol-d4): 8.39 (s, 1H, HCaromatiq), 8.24 (s, 1H, HCtriazole), 8.22 
(d, 2H, HCaromatiq, Hb), 8.07 (t, 1H, NHCaromatiq), 7.98 (t, 1H, HCaromatiq, Ha), 4.51 (t, 2H, 
O=CNH), 4.37 (dd, 2H, H4), 4.18 (dd, 2H, H3), 3.79 (t, 3H, O=CNH), 3.75–3.40 (m, 
30 H, CH2 EG), 3.38-3.32 (m, 6H, CH2 EG,), 3.04–3.00 (m, 2H, H2), 2.78 (dd, 2H, H ), 
2.61 (d, 2H, H ), 2.05 (t, 4H, 7.2 Hz), 1.54–1.44 (m, 8H, H8 & H6), 1.30-1.25 (m, 
4H, H7). 
MS (ESI): m/z (I %): 1239.2 [M+3Na+]3+ (100%), 1847.3 [M+2Na+]2+ (32%) 
 











In a 5 mL round bottom flask, 19 (0.130 g, 0.11·10-3 mol, 3.3 eq.) was dissolved in 
TFA (0.253 mL, 3.31·10-3 mol, 30 eq.) and the inner wall of the flask was rinsed with 
CH2Cl2 (1 mL). The solution was stirred at room temperature during 1h and the TFA 
was evaporated under reduced pressure. To a solution of 16-carboxyhexadecyl 
disulfide (0.019 g, 33.3·10-6 mol, 1 eq.) in DMF (3 mL), CDMT (0.012 g, 70·10-6 mol, 
2.1 eq) and NMM (8 µL, 70·10-6 mol, 2.1 eq) were added. After stirring during 1h, the 
solution was added dropwise to a solution of the deprotected amine and NMM (13 
µL, 0.11·10-3 mol, 3.3 eq.) in DMF (3 mL). The orange solution was stirred during 
15h at 60°C and the volatiles were evaporated under reduced pressure. The residue 
was purified by chromatography on silicagel eluting with CH2Cl2/MeOH/NH3 (aq.) 
75:20:1 to yield 0,016 g (17%) of BBA-S-S-BBA (4) as a brown solid.  
 






























1. 19, TFA, CH2Cl2, 1h
2. CDMT/NMM, DMF,





1H NMR (400 MHz, MeOH-d4) ! = 10.02 (bs, 1H, O=CNH), 8.10 (bs, 1H, O=CNH),   
8.11 (d, 2H, CHaromatic, Hc), 7.98 (t, 1H, CHaromatic, Ha), 7.48 (t, 1H, O=CNH), 6.99 (t, 
1H, O=CNH), 6.29 (bs, 2H, O=CNH), 5.90 (bs, 2H, O=CNH), 4.46 (dd, 2H, H4), 4.26 
(dd, 2H, H3), 3.65–3.47 (m, 30H, CH2 EG), 3.38-3.35 (m, 6H, CH2 EG), 3.10-3.03 (m, 
2H, H2), 2.83 (dd, 2H, H ), 2.70-2.61 (m, 6H, SCH2Caliphatic, O=CCH2CH2C=O and 
H ), 2.55 (m, 2H, O=CCH2CH2C=O), 2.15-2.05 (m, 6H, HNO=CCH2Caliphatic, H9), 
1.65-1.45 (m, 12H, H6 and H8), 1.47-1.33 (m, 28H, H7 and 11 x CH2 aliphatic) 















1) RP-HPLC analysis from crude reaction mixture and RP-HPLC/ESI-MS analysis from coum-
pound 9
Figure 1 RP-HPLC chromatogram from reaction mixture of compound 9 (*) at 254 nm using a linear gradient 
elution system of ACN:H2O 25:75 AÁRZ P/PLQ
*















2) RP-HPLC/ ESI-MS analysis from crude reaction mixture of BBA3-1 (3) 
a)
E
1 2 3 4 5 6 7
Divergent Synthetic Route















Figure 4 HPLC / ESI-MS analysis of reaction mixture of BBA3-1 (3) using a linear gradient elution system of 
MeOH:H227)$ ALQPLQÁRZ P/PLQ HPLC UV-Vis trace (254 nm)  mass spec-
WUXPUHFRUGHGLQSRVLWLYHDQGPRGH




















































































The SPR response shift, 658JHQHUDWHGE\HDFKH[WHQVLRQVWHSZDVFDOFXODWHGDV
 658 58n+1- RUn             
  
ZKHUH 58n-1 FRQVLVWHG RI WKH DEVROXWH UHVSRQVH EHIRUH WKH VROXWLRQ RI ELRPROHFXOHV
ZDV LQMHFWHG LQWR WKH ÁRZ FHOO WR WKH VHQVRU VXUIDFH$W WKH HQG RI HDFK LQMHFWLRQ WKH VXU-
IDFH VHQVRU ZDV ZDVKHG ÁRZ UDWH  P/PLQ WKUHH WLPHV DQG D VWDEOH EDVHOLQH ZDV UH-
FRUGHG GXULQJ DW OHDVW PLQ EHIRUH SURFHHGLQJ WR WKH QH[W LQMHFWLRQ 58n consisted of the 
DEVROXWH UHVSRQVH REVHUYHG RQ WKH VHQVRUJUDP a PLQ EHIRUH WKH IROORZLQJ LQMHFWLRQ RF-
FXUHG 7KH VHQVRUJUDP GHSLFWHG EHORZ VKRZV WKH VWHSZLVH H[WHQVLRQ RI 6$Y XVLQJ %%$2
7KHEXIIHUZDVKLQJVWHSVDUHQRWLQGLFDWHGRQWKHVHQVRUJUDPIRUFODULW\SXUSRVHV7KHLQFUH-
PHQW RI WKH635 UHVSRQVH JHQHUDWHG E\ WKHÀUVW LPPRELO]DWLRQ VWHS RI 6$Y LQMHFWLRQ  LV
6RU  582-RU1 587KHUHVSRQVHVKLIWJHQHUDWHGE\WKHÀUVWH[WHQVLRQVWHSRI6$Y
LQMHFWLRQLV658 584- RU3 58   7KHH[WHQVLRQHIÀFLHQF\Eff) for each elonga-
WLRQVWHSZDVGHWHUPLQHGE\FDOFXODWLQJWKHUDWLRRIWKH635UHVSRQVHVKLIWVDV









































































































Table 4 635UHVSRQVHVKLIWVUHFRUGHGIRUWKH6E6DVVHPEO\RI6$YXVLQJ%%$3 RQDÆ%%$6+VHQVRUVHH
)LJFKDS







6FQ +] 6DQ Ƹ-6) 6FQ +] 6DQ Ƹ-6)
  
1    




6FQ +] 6DQ Ƹ-6) 6FQ +] 6DQ Ƹ-6)
  
1    
2    
3    
4    
Table 7 )UHTXHQF\DQGGLVVLSDWLRQVKLIWVUHFRUGHGIRUWKH6E6DVVHPEO\RI6$YXVLQJ%%$3RQD%LRW6+
VHQVRUVHH&KDS)LJ

















6FQ +] 6DQ Ƹ-6) 6FQ +] 6DQ Ƹ-6)
2  
3    
4    
5    






6FQ +] 6DQ Ƹ-6) 6FQ +] 6DQ Ƹ-6)
  
1    
2    






6FQ +] 6DQ Ƹ-6) 6FQ +] 6DQ Ƹ-6) 6FQ +] 6DQ Ƹ-6)
2    
3    
4    
5    
6    





6FQ +] 6DQ Ƹ-6) 6FQ +] 6DQ Ƹ-6)
  
1    
2    

































6FQ +] 6DQ 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Figure 3 AFM images in air oIWKH%%$6+IXQFWLRQDOL]HG4&0VHQVRURQWRZKLFKVL[HORQJDWLRQVWHSV
of SAv using BBA3ZHUHUHFRUGHGFIH[SHULPHQWSUHVHQWHGLQ&KDS)LJ
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